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ABSTRACT OF DISSERTATION

Design of the Highly Uniform Magnetic Field and Spin-Transport Magnetic Field
Coils for the Los Alamos National Lab Neutron Electric Dipole Moment Experiment

Charge-Parity (CP) violation is one of Sakharov’s three conditions which serve as
guidelines for the generation of a matter-antimatter asymmetry in the early universe.
The Standard Model (SM) of particle physics contains sources of CP violation which
can be used to predict the baryon asymmetry. The observed baryon asymmetry is
not predicted from SM calculations, meaning there must be additional sources of CP
violation beyond the Standard Model (BSM) to generate the asymmetry. Permanent
electric dipole moments (EDMs), which are inherently parity- and time reversal-
violating, present a promising avenue for the discovery of new sources of CP violation
to resolve this outstanding problem. The SM prediction for the neutron EDM, for
example, is multiple orders of magnitude smaller than the sensitivity achieved by
modern neutron EDM experiments [1]. The measurement of a non-zero neutron
electric dipole moment larger than the SM prediction would be a sure sign of BSM
CP violation. A experiment searching for the neutron EDM at Los Alamos National
Lab (LANL) has been constructed with the goal of improving the current neutron
EDM upper limit d,, < 1.8 x 10720 e-cm (90% CL) [2] by approximately one order of
magnitude. The work presented in this thesis has been performed in support of the
LANL-nEDM experimental effort.

Precise magnetic field control is required to reach the desired measurement sen-
sitivity, specifically a highly uniform B, holding magnetic field. A multiple-split
solenoid with an octagonal cross section was designed and fabricated to meet the gra-
dient specification (|0B,/0z|) < 0.3 n'T/m and address engineering challenges related
to assembly and magnetometry. Efficient transport of neutron polarization from the
polarizing magnet to the storage cells is also essential to accomplish the sensitivity
goal. A series of modified, self-shielding cos # coils have been designed to maximize
polarization as neutrons propagate through penetrations in the magnetically shielded
room. The spin-transport coils, in conjunction with the simultaneous spin analyzers,
will provide a polarization product a > 0.8. The series of coils interfaces with the
By coil in a pseudo-continuous manner such that the fringe fields do not cause de-
polarization of the neutrons and do not generate non-uniformities in the storage cell
volumes.
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Chapter 1 Introduction

The possibility of nonzero permanent electric dipole moments (EDMs) for particles
and nuclei was first considered by Purcell and Ramsey in 1950 [3]. The first upper
limit of the neutron EDM was 3x 107!® e-cm, extracted from neutron-electron scatter-
ing data published by Haven, Rabi, and Rainwater [4]. Direct searches for a non-zero
neutron EDM began in 1951 when Smith, Purcell and Ramsey used a neutron beam
method to establish an new upper limit of 5 x 1072 e-cm [5]. The experiment served
as a test of parity and time reversal symmetries, which were considered to be uni-
versally conserved at the time. Since the measurement was consistent with zero, and
thus consistent with the prevailing notion that parity is indeed conserved, the exper-
imental result was not immediately published [5]. No further progress was made on
the neutron EDM measurement until the discovery of parity violation in nuclear beta
decay by Wu et al. in 1957 [6], following from an earlier theoretical work proposing
that parity may be violated in the weak interaction[3], [7]. Smith, Purcell and Ram-
sey proceeded to publish their earlier result as the neutron EDM now represented
a potential avenue for further exploration of discrete symmetry violation. The neu-
tron EDM search continues to this day, with many methodological and technological
advancements leading to the current upper limit of 1.8 x 1072 e-cm [2]. A broad
complementary program on searches for a permanent EDM of the electron is ongoing
8]

This thesis will focus on a neutron EDM experiment that will be conducted at
Los Alamos National Laboratory (LANL). Chapter 1 will serve as an introduction to
the theoretical background and properties of the neutrons used for modern neutron
EDM measurement efforts. Chapter 2 will be an overview of various experimental
techniques employed in the LANL neutron EDM (LANL-nEDM) design and system-
atic errors related to magnetic field control. Chapter 3 will discuss efforts in the
design and fabrication of the By coil which provides the uniform holding magnetic
field for the LANL-nEDM experiment. Chapter 4 will present coil designs for the
spin-transport coils, which maintain neutron polarization, and the B; coil, which
provides the oscillatory field for the 7/2 pulse, as well as the associated magnetic
field design methods. Chapter 5 will present an analysis of the magnet coil system
based on spin-tracking particle simulations.

1.1 Fundamental Symmetries

A symmetry is an operation that, when performed on a system, results in a config-
uration which is indistinguishable from the original. Physicists use symmetries to
predict and understand the behavior of physical systems. Perhaps the most famous
instance is Noether’s Theorem [9]: every differentiable symmetry of a system has a
corresponding conservation law, and every conservation law reflects an underlying
symmetry. As an example, suppose a system is symmetric under continuous rota-
tions (i.e. the Lagrangian of the system is unchanged). The system must behave in a



manner which results in the conservation of angular momentum. Noether’s theorem
does not apply to discrete symmetries; however, discrete symmetries play an impor-
tant role in the Standard Model (SM) of particle physics. Charge-conjugation (C),
parity (P), and time-reversal (T) symmetry are discrete symmetries that describe the
fundamental forces of the SM. Understanding C, P, and T violation within the SM,
and possibly beyond, is a rich area of research in modern-day physics. The details of
each symmetry, as well as their connection with the neutron EDM, will be discussed
in the following sections.

Table 1.1: Transformations of physical quantities under C, P, and T operations [10].

C P T
position r— r— —a r— T
momentum p—p pP—-p p——p
energy €— € € —€ € —€
angular momentum J—J JJ Jo-J
spin §— 5 §— 5 §— —§

charge Q—-0Q Q—Q Q— Q
electric field E—~-_-FE E—>—-E ESE
magnetic field B— -B 5 3

Charge-Conjugation

C is a transformation that replaces particles with their corresponding antiparticles.
The operation is accomplished by reversing the sign of all the internal quantum
numbers such as electric charge, lepton number, and strangeness [11].

Clp) = Ip)

When C is applied to a particle state twice, the result is the original state as
shown in Eq. [I.1]

=Clp) (1.1)

— C? =1

Therefore the eigenvalues of C are £1. The implication is that a particle state
|p) that is an eigenstate of C must be equivalent to its antiparticle state |p) (within
a sign), meaning eigenstates of C are the subset of particles which are their own
antiparticles. All internal quantum numbers for such particles must be zero since the
application of C (i.e. changing the signs of the quantum numbers) does not change
the state. Although C symmetry is not directly tested by neutron EDM experiments,
C is relevant due to its relationship with the other discrete symmetries. Violation of
C symmetry plays a key role in the Sakharov conditions (see subsection . Table
has examples showing how various physical observables transform under C.



Parity

P is an inversion of all spatial coordinates. To visualize this operation, consider a
vector 7 pointing to a location in three-dimensional space (z,y, 2):

x —x
Pry=P: |yl — |-y |=-7T
z —z

From this example, it seems that vectors will change sign under the P opera-
tion. As a test of this hypothesis, the same operation can be done on the vector L
representing angular momentum:

Although this test disproved the hypothesis that all vectors change sign under the
P operation, it demonstrates that there are two types of vectors: those that are
inverted (polar vectors) and those that remain invariant under P (axial vectors). In
addition to the two vector types, there are two scalar types: scalars and pseudoscalars.
Pseudoscalars change sign under the P operation whereas scalars, such as the mass
m in the angular momentum example above, are invariant under the P operation.

The neutron EDM search serves as a direct test for P violation. This can be shown
via application of the P operator to the term in the Hamiltonian that represents the
interaction between the EDM and the electric field:

H=-d E-25d E (1.2)

where d = dng is the EDM and E is the electric field. See Table for examples of
how these physical observables transform under P. The sign change under P indicates
that a non-zero neutron EDM d,, would result in P violation.

Time-Reversal

The aptly named time-reversal (T) operation is the transformation of a system cor-
responding to the inversion of the time coordinate, t — —t. Although conceptually
simple, it is not trivial to design an experiment which can be performed in both “time
directions”, as the high level of control over various conditions, such as momenta and
reaction rates, is not always feasible. To avoid these difficulties, most experiments
testing for T violation are precise measurements of quantities which should be iden-
tically zero if T is a perfect symmetry. The neutron EDM is an example of such
a quantity, demonstrated by the application of T to the term in the Hamiltonian
containing the EDM:



H=-d E-d E
Table shows the transformations of these quantities under T. Just as with the
P operation (Eq. , the EDM term is T-odd, implying that a non-zero value for
the neutron EDM d would yield T violation.

Moving from the classical picture to quantum mechanics reveals an important
feature of time reversal. Consider applying a T operation on a state |1)) such that:

) == [ibr) = T [¢))

Using the time evolution operator exp (’Zf t), one can evolve the state from ¢t = 0 for

an infinitesimal time interval dt, resulting in:

[9(0t)) = (1 = iH1) |1(0))

The time reversed state of [¢(dt)) is |17 (dt)). Assuming time reversal symmetry,
evolving the time reversed state by the same infinitesimal time step 0t will give a
state equivalent to the initial state |1(0)).

(1 —iHt) [r(6t)) = (1 — iH)T [¢(01))

= (1 —4Ht)T(1 —iHt) [¢(0)) (1.3)
= [1(0))
From Eq. it must be true that:
T(—i)H =iHT (1.4)

If T is a unitary operator, T' and H would have an anticommutation relation TH =
—HT. Given an eigenstate |¢) of a Hamiltonian H, the energy E, of the state is
found by applying with the Hamiltonian operator:

H¢) = Es|9)

The energy of the time reversed state T'|¢) would be:
HT|¢) = —TH |¢) = —EsT'|9)

The time reversed state has negative energy and the energy spectrum is unbounded
from below, which cannot be allowed [12]. Therefore, T must be an antiunitary
operator, meaning 7% = —¢T'. In this case, T" and H can commute meaning that
eigenstates states’ energy will remain constant under the T operation:

HT|¢) =TH |¢) = EsT [9)



Combined Symmetries

C, P, and T were thought to be conserved by the laws of physics until the discovery
of parity violation in 1957 [6]. In order to make sense of this result, V-A theory was
proposed by Sudarshan and Marshak [13] and was later published by Feynman and
Gell-Mann [14]. V-A allowed for maximal P violation but conserved the combined
CP operation. CP is a stronger symmetry of the SM than P, however CP symmetry
was also found to be violated just seven years later [15]. Based on this result, one
might question why the combination of all three discrete symmetries would not also
be violated. Any local quantum field theory with Lorentz invariance and a Hermi-
tian Hamiltonian must be invariant under CPT [16] [17, [18]. Thus, the discovery of
CPT violation would imply that at least one of these conditions—locality, Lorentz
invariance, or a Hermitian Hamiltonian—need not be included within the theoretical
framework.

Although CPT violation may be discovered in the future, the remainder of the
work presented here will assume CPT invariance of physical laws. As shown in
the previous section, a non-zero neutron EDM violates T and P symmetry, and the
invariance of CP'T implies that the operation CP must have a corresponding violation.
In summary, the neutron EDM is a test of P, T, and CP (via invariance of CPT).

1.2 Theoretical Motivation for the Neutron EDM Search

One might assume that the Big Bang would have resulted in equal amounts of mat-
ter and antimatter. Under this assumption, an observer on Earth might be per-
plexed by observing an abundance of matter relative to antimatter. Where is all
of the antimatter? Physicists have hypothesized that perhaps Earth resides in a
matter-dominated region of the universe, and the “missing” antimatter exists in an
antimatter-dominated region. If this were the case, there would be a border at which
the matter and antimatter regions meet, and one would expect to see a radiation
signature from the annihilation interactions that must be occurring. However, astro-
physical observations do not support the existence of antimatter-dominated regions
of space—on the contrary, they indicate that the known universe is all matter [19,
20]. Assuming the universe began in an initially symmetric state (e.g. equal amounts
of matter and antimatter), there must have been a mechanism active in the early
universe that caused a matter-antimatter asymmetry to form. In order to find a
solution to the baryon asymmetry problem, physicists must know where to look. So
the question becomes, what properties must this mechanism possess?

In 1967, Sakharov [21] indicated three guidelines which, when simultaneously
satisfied, allow for a baryon asymmetry to evolve:

1. Baryon number (B) violating process

If every process conserves baryon number individually, then baryon number
will be conserved globally. Therefore, if the initial state is symmetric (B =
0) and an asymmetry is produced (B > 0), there must exist at least one



process
X—-Y+B (1.5)

where X and Y have a baryon number of zero and B represents excess
baryons (B > 0).

2. Violation of C and CP symmetries

If C were not violated, every process resulting in a positive AB (Eq.
would occur at the same rate as a counterpart process which produces a neg-
ative AB with equal magnitude. The effect of two such processes would be
a net zero change in B, and thus no baryon asymmetry could be generated.

If C is violated but the combined CP symmetry is not, the change of B
will be washed out by counteracting processes generating equal amounts of
baryons and the corresponding charge-conjugated particles. For example,
consider an initial state ¢ with helicity A which decays into a final state f
and the variants under C and P operations:

Fl(Y) = f] =T,
Pli(—A) = f] =T
Pli(A) = ] = Ty (1.6)
Pli(—A) = [ =T,

where I represents a rate. If C is violated, the charge-conjugated interac-
tions will occur at different rates: I'y # I's or 'y # I'y. But if CP holds,
which implies I'y = I'y and I'y; = I'3, then the total rate of interactions re-
sulting in the final state f is equal to the rate at which f is produced. Any
AB resulting from the production of state f is exactly canceled by a AB
resulting from production of state f, resulting in a zero net change of B. Al-
lowing for CP violation, meaning I'; # I'y and/or I'y # I's, the final states f
and f are produced at different rates, providing the opportunity to produce
excess baryons. Therefore, C and CP violation must occur simultaneously
in order to develop a baryon asymmetry.

3. Departure from thermodynamic equilibrium

In thermal equilibrium, a reaction ¢ — f is equally likely to occur as f — 1.
Additionally, the rate at which a reaction occurs in thermal equilibrium
depends on the mass and temperature of the system [22]. Invoking CPT
invariance, the masses of baryons and antibaryons are identical, implying
that the reactions producing each is the same and resulting in no asymmetry
generation. Thus, the B violating processes must occur outside of thermal
equilibrium in order for a net change in B to evolve.

The conditions presented by Sakharov are not strict requirements as models exist
that generate a BAU without satisfying all three conditions [12,23]. The remainder of
this section will focus on the second condition, specifically the CP violation necessary
to generate the Baryon Asymmetry of the Universe (BAU).



CP Violation in the Standard Model

The Standard Model (SM) contains two potential sources of CP violation: the elec-
troweak sector and the strong sector. Violation of CP symmetry in the weak inter-
action was discovered via the observation of 27w decay of the K9 meson by Cronin
and Fitch in 1964 [15]. The observed CP violation is parameterized in the Cabibbo-
Kobayashi-Maskawa (CKM) matrix (Eq. [1.7). The CKM matrix represents the
mixing of u-type quarks and d-type quarks in charged weak interactions.

Vud Vus Vub
Vervr = | Vea Ves Vi (1.7)
Viae Vis Vi

A standard parameterization [24] of the CKM matrix is shown in Eq. [I.§8] con-
taining three real mixing angles 015, 613, and 613 and a complex phase §:

0

C12C13 512C13 S13€
_ 0 0
Vekm = | —S12C23 — C12523513€ C12C23 — 512523513€ 523C13 (1.8)
) B
$12823 — C12C23513€" —C12523 — $12C23513€" C23C13

where ¢;; = cos(;;) and s;; = sin(f;;). The complex phase J is the source of CP
violation in the weak interaction. Through calculations of Feynman diagrams that are
CP violating (i.e. the phase § does not cancel) for a neutron coupling to an external
photon, physicists obtain SM estimates for the neutron EDM: d,, ~ 1073% e-cm [1];
6 orders of magnitude smaller than the current experimental upper limit. The small
magnitude of the estimate can be attributed to the impossibility of neutron EDM
contribution from a diagram with less than 2 loops and the coincidental cancellation at
the 2-loop level, leaving 3-loop diagrams for leading order neutron EDM contributions
[25].

In the strong sector, CP violation has not been observed. However, it remains a
theoretical possibility through the so-called # term in the strong interaction:

Qg
1672

where « is the strong coupling constant, G, is the gluon field and G = €uapG /2
is its dual. € can be written as:

Ly = 4 Tr (G"”GW> (1.9)

0 = 0 + arg det [G(U)G(D)}

where 6 is an arbitrary coefficient of the CP violating term in the strong interaction
and GUP) correspond to complex flavor matrices. Since CP violation exists in the
weak interaction, these G matrices will have a non-zero contribution to # when they
are rotated to give real masses [12]. .

0 will contribute to the the neutron EDM with the relation d? ~ 1 x 107§ e-cm
[26]. The current neutron EDM upper limit at |d,| < 1.8 x 1072 e-cm implies
0] < 1071°. The small value for 6, instead of the expected order of unity, requires



a fine tuning of the pure QCD angle # and the phases of the quark mass matrices,
posing the “strong CP problem” [27]. This remains an outstanding problem in physics
with many proposed solutions, the most well-known being the Peccei-Quinn theory
involving the introduction of a scalar particle called an axion [28].

Theoretical estimates of the BAU can be derived from the known CP violation in
the SM. The magnitude of the asymmetry is often defined by an asymmetry parameter

n:
np —nNg
nN=——

Ty

where ng(ng) is the number density of baryons (antibaryons) and n. is the number
density of photons. The standard model fails to predict the measured asymmetry
value, 1 =~ 6 x 1071°, obtained through measurements of the cosmic microwave back-
ground [29]. The combination of observed light element abundances and primordial
abundances predicted from the standard model of Big-Bang nucleosynthesis can also
be used to extract 1. These predictions agree with the value from the CMB measure-
ments within a factor of ~ 2—the D/H estimate is the most precise and provides an
asymmetry value n = (6.143 £ 0.19) x 107'% [30]. The inability for known CP vio-
lation to accommodate the relatively large BAU magnitude motivates physicists to
search for other mechanisms of CP violation, including the proposal of models which
extend the SM to provide solutions for its known shortcomings (e.g. the minimal
supersymmetric model).

The neutron EDM offers a promising avenue of research as a potential source of
CP violation which could help explain the development of the BAU. A neutron EDM
measurement, above the SM prediction from the weak interaction would be a certain
discovery of new CP violation, either from currently unknown SM sources (i.e. the
f-term in the strong sector) or possibly from a beyond SM mechanism. Although the
nearly seven decades of neutron EDM searches have not yielded a non-zero result,
given the six orders of magnitude which separate the SM prediction and the best
experimental upper-limit, there is still a large parameter space in which a significant
result could be discovered. This statement is not meant to imply that the neutron
EDM measurements to date lack significance—on the contrary, these measurements
provide constraints on beyond SM theory parameters, which provide the CP violation
to solve the baryon asymmetry problem. A neutron EDM estimate can be extracted
from these parameters; thus the experimental constraints on the neutron EDM mag-
nitude restricts the parameter space available, effectively eliminating theories which
require abundant fine-tuning from consideration. Figure shows the experimental
sensitivity of neutron EDM experiments over time compared to predictions of neutron
EDM magnitude from several popular beyond SM theories.

Copyright© Jared Brewington, 2023.



Evolution of the Neutron EDM Upper Limit
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Figure 1.1: The upper limits of the neutron EDM for various experiments. This
plot is adapted from T. Ito (personal communication). Also shown are theoretical
predictions of the neutron EDM magnitude from the Standard model and two BSM
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Chapter 2 The LANL-nEDM Experiment

The first neutron EDM experiments were performed using a magnetic resonance tech-
nique on a neutron beam. Using this method, the neutron EDM upper limit was
pushed down to |d,| < 3 x 1072* e-cm by 1977 [32]. The ever-increasing demand for
improved sensitivity, combined with the large systematic effects associated with the
neutron beam method, compelled the development of new experimental designs. The
latest neutron EDM experiment, completed at the Paul Scherrer Institute (PSI), used
Ramsey’s method of separated oscillatory fields applied to ultracold neutrons (UCN)
to obtain the current upper limit of |d,| < 1.8 x 10726 e-cm, which is largely domi-
nated by the statistical error bar. A Hg co-magnetometer and an array of external
magnetometers were used to control systematic effects. Building on the success of
the experiment conducted at PSI, the LANL-nEDM experiment will implement these
methods with a higher-yield UCN source, providing the statistical reach and system-
atic control to attain the goal sensitivity of ~ 3 x 10727 e-cm.

2.1 Measuring the Neutron Electric Dipole Moment

In the presence of electric and magnetic fields, the interaction terms of the neutron
coupling with the fields are contained in the Hamiltonian below (Eq. . The
energy of a neutron under the application of these fields depends on the alignment of
the EDM and magnetic moment with the electric and magnetic fields, respectively,
visually represented in Figure [2.1]

— —

H=—i,-B—d,-E (2.1)

The magnetic moment of the neutron is essential for the application of Ramsey’s
Method of separated oscillatory fields. Since the neutron has a nonzero magnetic

B E

— | 2d, 2 N

\ Ey
— |2uw.B )
\\ P EJ’
—— ,

B, O E,

Figure 2.1: Visualization of the energy splitting due to the neutron magnetic moment
and EDM coupling to parallel (1) and anti-parallel (]) magnetic and electric fields.
33]

10



moment, the spin of a neutron will precess about an external magnetic field—a phe-
nomenon known as Larmor precession—with a frequency

wr, =B

where v is the gyromagnetic ratio and B is the magnitude of the magnetic field.
The gyromagnetic ratio is the ratio of the magnetic moment to the spin angular
momentum, v = p/S. For a neutron,

2un, B
h

Note that the energy hw;, associated with this precession corresponds to the energy
splitting shown in Fig. 2.1} The magnetic moment of the neutron is [34],[35]:

S:h/2—>wL:

(2.2)

fn = —9.662 x 10727 J T1

The negative sign refers to the direction of the observed precession. In a 1 uT
magnetic field, which is the nominal magnetic field magnitude for the LANL-nEDM
experiment, a neutron will precess at:

wr, = 183.25 rad s~ !

An EDM would couple to an electric field in the same manner. In this case, the
precession frequency wg would depend on the magnitude of the electric field £ and
EDM d,,, as shown below.

2d, E
R

Following the parallel with the magnetic moment, the EDM magnitude can be
extracted by measuring the precession frequency of the neutron spin in a known
electric field. Given the expected electric field magnitude for the experiment E =~
10kV cm~! and the statistical reach of d,, ~ 3 x 107*7¢-cm, the resulting precession
frequency about the electric field is:

WEg

wp ~ 9.1 x 107° rad
s

At this rate, it would take over two years to observe one full rotation—a precession
frequency equivalent to Larmor precession about a ~ 1071¢ T magnetic field. The
neutron spin is also unlikely to remain in the precession plane due to the weak energy
coupling with the electric field compared to other interactions. The level of precision
and environmental control needed to measure the EDM using only an electric field is
not feasible.

Thus, the measurement is conducted via application of magnetic and electric
fields simultaneously. Assuming the fields are parallel (11), the total neutron spin
precession frequency resulting from the torques exerted is:

2
it = 7 (B + d,F) (2.3)
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The same formulation can be written with anti-parallel (1) fields:
2
wiy = 7 (B — du ) (2.4)

Then it is straight forward to extract the neutron EDM, d,,, by taking the differ-
ence of the precession frequencies in the parallel and anti-parallel cases.

h Aw
d, = ———
4 F

where Aw = wy — wyy. Using Eq. and Eq. one can determine that Aw is
proportional to wg. Then it is reasonable to ask: “What have we gained by adding
the magnetic field?” The answer to this question is two-fold: First, the magnetic field
provides control over the direction of the neutron spin, making it possible to maintain
spin alignment in a population of neutrons throughout a measurement cycle. Second,
magnetic resonance techniques can be used in order to amplify the neutron EDM
signal, as described in the following subsection.

Consider the circumstance described by Eq. where the applied magnetic and
electric fields are parallel. The total precession frequency is almost entirely a result
of the magnetic field term, with the electric field term representing a small shift away
from the Larmor frequency. It is not obvious how to extract this small frequency
shift. The technique used most commonly in current neutron EDM experiments
is the application of an oscillating magnetic field transverse to the initial neutron
polarization in a two-pulse sequence, known as the Ramsey’s method of separated
oscillatory fields. In this method, the probability of transitioning from |]) to [1)
depends on the frequency of the applied oscillating magnetic field as well as the time
separation of the magnetic field pulses. Therefore, the frequency shift due to the
electric field can be extracted from a ratio of the two neutron spin states—aligned or
anti-aligned with the static magnetic field.

(2.5)

Rabi Resonance Method

Before moving into the details of Ramsey’s method, it is important to understand
the Rabi resonance method, from which Ramsey derived his technique. The method
will be described in the context of neutron EDM experiments. Consider a neutron
in a constant magnetic field By along z. The energy difference between the spin
anti-aligned state ||) and the spin aligned state |1) is hwy where wy = 7,Bs. The
application of a magnetic field By which is perpendicular to the quantization direction
z and rotating at an angular frequency w will cause Rabi oscillations between the
spin aligned and apin anti-aligned states. The frequency of these Rabi oscillations
is derived below, following an excellent derivation in Ryan Dadisman’s dissertation
[36].
Recall the Hamiltonian for a neutron in an external magnetic field from [2.1}

H=—ji,-B (2.6)
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where [i,, = 7y, S and |§ | = % for the neutron. As described above, the magnetic
field in this case is oL
B = BO + Bl

. N (2.7)
= Byz + By (cos(wt)z + sin(wt)y)

The time dependence in the neutron state can be separated into the contribution
from the By field and the B; field, considering the B; field as a time-dependent
perturbation. Thus, the Hamiltonian can be written as:

H=Hy+ H (2.8)

_hwB B -
Hy — ik O, : Hy = 72 L (cos(wt) oy, + sin(wt)oy) (2.9)

2
By cos(wt) — i sin(wt)
By cos( wt + i sin(wt) —By

BO B16 iwt
B GZWt _BO

The time evolution of a general state |¥) in the S, basis using the Schrodinger equa-

tion: 3 " »
Vn B Bie™
iho W) = H W) = === (Bleg“’t 1_30 ) W) (2.11)

0 =(3)

Here, |14 ) and [¢)_) represent the spin-up and spin-down states, repectively.

o= (o) and o= ()

The energies associated with Hy, the time independent part of the interaction, are:

(2.10)

2
hn
2

where

hryn,
By = ¢%BO (2.12)

Using these energies, the time dependence of the general state can be written as
U(t) = u(t)e  F+Mp, 4 d(t)e Bty (2.13)

Plugging ¥(t) into Eq. [2.11], the following coupled differential equations are found:

B
0= ”Tle“w-woﬂd (2.14)
d= Z%‘Tle—“w—woﬁu (2.15)

13



V2B

n

4
The general solution for this second-order homogeneous differential equation is:

= i —i(w—wo)u+ u=0 (2.16)

u(t) — ilw—wo)t/2 (CleiQt + OQG—iQt) (2'17)

where

V(W —wo)? + 2B}
2
The coefficients C; and C5 can be solved using the initial conditions of the system.
At time t = 0, the neutron is assumed to be in the spin anti-aligned state—spin-down
in this case since the field is in the Z direction and +, < 0. Therefore, u(t = 0) =0
and d(t =0) = 1.

0=

U(O) =1 = Cl :—Cg

u(t) = 20 e @0 2 in (Q) (2.18)
Using Eq. [2.14] d(t) can be expressed as:

d(t) — 401 e*i(w*WO)t/2 7/
7'71131

W — Wo

sin(Qt) — Q cos(02t) (2.19)

Z.’YnBl

40
The probability of measuring the neutron in the spin aligned state—i.e. spin-up—
at any given time ¢ is the probability of transitioning from the ground state to the
excited state:

d0) =1 = C) =

Py = [(yo) W* = Ju(t)]? (2.20)

lu(t)|* = 4|Cy|* sin?(Q1)
2Bt . (\/(w — w2 + vgB%t> (2.21)
2

T w-wP 3B
Now, the frequency of transitions between the spin aligned and anti-aligned states
can be easily read from Eq. , Q = /(w—w)?+~2B2%/2. Note that the ampli-
tude of the probability has a dependence on w, the frequency at which the B, field is
oscillating. The maximum of this amplitude occurs at the resonant frequency w = wy.
Additionally, the probability can be maximized if the interaction time, during which
the By field is applied, is tin = 5g- At resonance, this value simplifies to t;,; = %”—Bl.
The application of the B field for this period of time is known as a “m pulse” because,
in the classical picture, the neutron spin vector has been rotated by 180 degrees.
How can this be used to measure the neutron EDM? Consider a population of
neutrons in the spin anti-aligned state from the derivation above. After the applica-
tion of the 7 pulse, the ratio of neutrons in the spin anti-aligned state to the neutrons
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Rabi Fringes
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Figure 2.2: An example Rabi fringe pattern for the case where 7,B; = 1 s7! (see
Eq. . The x-axis shows the frequency of the oscillating B, field normalized to
the Larmor frequency associated with the By excitation field, wy = YnBo. The y-axis
represents the number of neutrons in the spin-up state N, compared to the total
number of neutrons N = N, + N_ after the application of a 7 pulse. A resonance is
observed at w = wy.

in the spin aligned state will follow the probability given in Eq. 2.21] However, if the
neutron EDM is non-zero, the resonant frequency will shift by wg. Fig. shows
an example Rabi fringe pattern for a range of frequencies normalized to the resonant
frequency wp. In this case, if an electric field is applied such that wg/wy = .004, the
experimenters would measure about 56% of the neutrons in the spin aligned state, as
opposed to 100% without any EDM effect, and recognize that the resonant frequency
is shifted from the expected value. As discussed earlier, wg represents a much smaller
shift given the parameters of the LANL-nEDM experiment; wg/wy ~ 2 x 10719 at
the expected sensitivity. Referring again to Fig. 2.2 a shift this small would result
in negligible change in the number of neutrons measured in the spin aligned state.
Thus, the Rabi method on its own is insensitive to the neutron EDM.

Ramsey’s Method of Separated Oscillatory Fields

Ramsey was able to increase the precision of transition energy measurements, or
equivalently resonant frequencies, by applying the Rabi spin-flip pulse as two /2
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Figure 2.3: Diagram of Ramsey’s method of separated oscillatory fields. A static field
By is applied in the vertical direction, but is not shown in the image. The sinusoidal
wave shown on the right represents a reference clock, which is used to apply an
oscillating voltage to the coil producing the By field during the two spin-flip pulses.
Note that the clock is continuous and coherent throughout the sequence which allows
a phase difference between the clock and neutron spin to accumulate during the free
precession time. [37]

pulses separated by a free precession time rather than one continuous 7 pulse. The
sequence is represented in the classical picture in Fig. Initially, all of the neutron
spins are anti-aligned with the static go field. The B, field is applied in the transverse
plane at frequency w for a time 7, which corresponds to a 90 degree rotation of the spin
alignment into the transverse plane. The B, field is then turned off, and the neutrons
continue freely precess about the B, field for a time T. If the applied frequency w
does not match the resonant frequency of the neutron precession wy, a phase will
accumulate between the neutron spin and the B; pulse. After the free precession
period, a pulse of the B, field is applied for a time 7 representing the second /2
pulse in the sequence. It is key for the first and second 7/2 pulse to have the same
phase so that the phase shift of the neutron spins relative to the second pulse can be
attributed to the free precession period.

Similarly to the Rabi derivation above, one can derive the probability of measuring
a neutron in the excited state after the application of Ramsey’s method of separated
oscillatory fields. Assuming a neutron initially in the ground state, the probability of
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Figure 2.4: Plots showing the probability of a neutron transitioning the excited state
after the application of Ramsey’s method of separated oscillatory fields. The following
assumptions are used: the neutron is initially in the ground state, 50 second free
precession period, |B;] is chosen for 2 second 7/2 pulse duration, and |Bo| = 1 puT.
The left plot contains Ramsey fringes over a wide range of normalized frequencies.
The right plot show the fringes over a much smaller range so that the structure of
the fringes near w = wy can be seen clearly.

measuring the neutron in the excited state is [36]:

cos (27) cos (wo 2_ wT)

7n31 2 .. 92
P=1 5q ) Sin (Qr)

, (2.22)

Wy — W

0 . . W — W
T sm(QT)sm< 5 T)

Using a plot of this probability as a reference (see Fig. , some physical intuition
can be gained from Eq. as it relates to the neutron EDM measurement. Many
fine fringes exist within a larger envelope, contained in the first term of Eq.

B 2
Pem)elope =4 (772191) SinZ(QT)

Note that this term has the same form as Eq. revealing information about the
source of this outer envelope—mnamely, Rabi fringes. Even though the 7/2 pulses
are separated in time, they will not be very effective at flipping spins if the applied
frequency is far from resonance, resulting in fewer neutrons in the excited state.
The fine fringes within the Rabi envelope come from the bracketed term in Eq.
2.22l The source of these fringes is the phase shift between the neutron spins and
By voltage clock during the free precession period. The classical picture can be
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used here, visualizing the neutron spin as a vector, to gain intuition for this effect.
After the first 7/2 pulse, assuming we are near resonance, the By voltage clock and
neutron spin precession are approximately coherent. If w = wy, then the two systems
will remain in phase, and the second spin flip will result in maximal probability of
exciting the neutron as if no free precession period occurred. However, if w # wy, the
free precession time will generate a phase difference ¢ between the two systems:

¢ = (w—wo) Trp (2.23)

Now two scenarios can be evaluated: ¢ is an even multiple of 7 and ¢ is an odd
multiple of w. For the case where ¢ is an even multiple of 7, the angle between B
and neutron spin is identical at the end of the first /2 pulse and the beginning of the
second 7/2 pulse. Therefore, the torque applied on the spin by the second pulse is the
same as if there were no free precession period separating the two pulses, resulting in
a Rabi fringe pattern. Plugging in the numbers used for the example fringes in Fig
and calculating ¢ from Eq. [2.23] one can see that the peaks of the fine fringes
occur at these even multiples of 7.

On the other hand, if ¢ is an odd multiple of 7, the torque applied by the B;
field will be in the opposite direction for the second pulse compared to the first.
Effectively, B, has been replaced by Bl, causing the rotation of the spin during the
first pulse to be completely undone by the second pulse. In Fig[2.4] this can be seen
at the troughs of the fine fringes where all neutrons are measured in the initial state
which was assumed to be the ground state.

The width of the central fringe in the Ramsey fringe pattern is the distance be-
tween the first two troughs at frequencies corresponding to ¢ = +7. Using Eq. [2.23]
this distance is found to be proportional to the free precession period Trp. Therefore,
to measure a small frequency shift, Trp should be maximized and w should be chosen
slightly off resonance (¢ & m/2) near the steepest region of the fringes such that small
changes in frequency result in the largest possible changes of excited state neutron
count.

2.2 LANL-nEDM Apparatus and Experimental Cycle

The apparatus for the LANL-nEDM experiment is designed to optimize the imple-
mentation of Ramsey’s method within the current technological landscape to extract
the neutron EDM value. The important factors for accomplishing the goal sensitivity
include a high density of neutrons within the storage volume, a long free precession
period, polarization of the neutron population throughout the experimental cycle,
and fine control and precise knowledge of magnetic and electric fields. The various
techniques used to address these challenges are introduced in this section.

Ultracold Neutrons

The experimental cycle begins with the generation of neutrons via a pulsed proton
beam from an 800 MeV linear accelerator impinging on a tungsten spallation target.
The average energy of these spallation neutrons is 2 MeV. In order to reduce the
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Figure 2.5: CAD model of the UCN experimental hall at LANL from . The LANL-
nEDM experimental setup is shown on the left side of the image. The neighboring
experiments measure the free neutron lifetime (UCNT) and the neutron S-decay pa-

rameter Ay (UCNA) [39],40].

energy, the neutrons are moderated by beryllium and graphite, resulting in thermal
neutrons. The neutrons are further moderated by cold polyethylene beads, taking the
neutron energies down to the cold regime. The last step of energy reduction within the
neutron source involves a solid deuterium (SDs) volume where the neutron energy is
reduced to < 300 neV by exciting phonons in the SD, crystal structure [41]. Neutrons
at this extremely low energy are referred to as Ultracold neutrons (UCNs). See Table
for a summary of UCN properties.

UCNs hold a key property for the success of modern neutron EDM searches—
they can be stored in material bottles, allowing for long free precession periods in
the Ramsey cycle. As a UCN approaches a surface, the long wavelength causes
it to interact with many nuclei simultaneously. For some materials, the effective
optical potential produced by these nuclei can reflect the neutron for all angles of
incidence. This effective potential V is called the Fermi Potential, named after Enrico
Fermi who originally formulated the interaction. The surfaces that the neutrons
will encounter throughout the experimental cycle must be coated with a material
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Table 2.1: A summary of energetic properties of UCNs relevant to the LANL-nEDM
experiment.

Parameter ‘ Value
Kinetic Energy < 300 neV
Temperature <4 mK
Wavelength > 500 A
Velocity < 8m/s
Gravitational Potential Energy | 100 neV/m
Magnetic Potential Energy 60 neV /T

obtaining a high Fermi potential to minimize neutron losses and, thus, maximize
statistical sensitivity. The chosen material coatings to achieve this goal are deuterated
polystyrene (Vp = 160 neV) on the storage cells” walls and NiP (Vr = 213 neV) on
the neutron guides, which serve to transport neutrons between the source and the
storage cells. It is important to note that the selection of these materials is not just
contingent on high Fermi potentials. The coatings must also be nonmagnetic, have
low depolarization rate, and, in the case of the storage cell coating, be electrically
insulating. The importance of these additional requirements will be made clear in
the remaining subsections.

Each UCN from the source has random spin orientation resulting in an unpolar-
ized population of neutrons. In order to implement Ramsey’s method of separated
oscillatory fields, as discussed in the previous section, the neutrons must initially
be polarized in the direction of the By magnetic field, nominally the z direction for
the LANL-nEDM experiment. Polarization in the z direction is obtained in two
steps: 1) Polarize the neutron population using a strong magnetic field; 2) Rotate
the polarization to the z direction. The neutrons are nearly all spin-aligned along =
immediately after passing through the polarizing magnetic field, which described in
the next subsection, resulting in a polarization of > 0.99.

Polarizing Magnet

Polarization of the neutron population is accomplished via the application of a 5 T
magnetic field within the neutron guide provided by the aptly named “polarizing
magnet” shown in Fig [2.6]

The UCNSs, propagating from the source through the neutron guide system, cou-
ple to the magnetic field due to the magnetic moment (—fi - E) giving a potential
energy of 300 neV, corresponding to the spin aligned state or anti-aligned state,
respectively. Note that the spin vector and magnetic moment vector are anti-parallel,
so the magnetic field is aligned with the field when the neutron spin is anti-aligned.
A thin aluminum foil is placed in the high field region of the polarizing magnet to
supply a repulsive optical potential for the UCN. For standard neutron energy ranges,
a 300 neV coupling would likely be negligible, but, given the UCN kinetic energy is
< 300 neV, the UCN that experience a high magnetic potential—i.e. the state with

20



Figure 2.6: Picture of the 5 T superconducting solenoidal polarizing magnet to be
used in the LANL-nEDM experiment.

spin aligned along the magnetic field direction since the neutron magnetic moment is
negative—will experience a potential barrier greater than or equal to kinetic energy in
the high field region. Combining the magnetic and optical potentials from the polar-
izing field and thin foil, UCN in the spin-aligned state have a near zero probability of
passing through the potential barrier. Meanwhile, the UCN with spin anti-aligned to
the field direction will experience a potential well at the high field region, effectively
accelerating the neutrons through the optical potential of the thin foil to the other
side of the magnet. The resulting UCN flux exiting the polarizing magnet will be
> 99% polarized.

UCN Transport

The experiment relies on a low magnetic field environment at the storage cell volume,
so the polarizing magnet is positioned far from the storage cells—approximately 4 m.
The polarizing magnetic field points along the neutron guide axis, and the z direction
is transverse to the guide axis. As a result, the polarization must be maintained as
the neutrons traverse the ~ 4 m guide system between the polarizing magnet and
storage volume, and the neutrons must undergo a 90° spin rotation. A holding field
~ 30 uT is supplied by square Helmholtz pairs along the length of the guide up to
the magnetically shielded room (MSR) to prevent depolarization of the neutrons. At
that point, the field magnitude must ramp down to the nominal 1 T B field as the
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neutrons pass through penetrations in the MSR. A set of spin-transport coils have
been designed to generate an optimal ramp for polarization maintenance. Addition-
ally, as the neutrons enter the spin-transport, the combination of fringing magnetic
fields from the holding field coils and spin-transport coils rotate the UCN spins to be
aligned along Z. Once inside the MSR, the highly uniform By field dominates and
the polarized neutrons propagate into the storage cells. See Chapter {4 for a detailed
discussion of the spin-transport coils.

Applied Electromagnetic Fields

The UCN propagate through the guide system on the upstream side of the polarizing
magnet for a “fill” time of 50 seconds, after which the storage cells are closed and the
Ramsey technique is initiated. The two applied magnetic fields necessary to perform
Ramsey’s method of separated oscillatory fields are a static By field and an oscillating
“RF” field. The By field is a uniform, 1 pT field aligned along the z direction. It
is generated by the By coil, a multiple split coil solenoid with an octagonal cross
section. The By field and coil design are a main focus in this dissertation, and the
details are covered extensively in Chapter[3] The “RF” field B; is a linearly polarized
field oscillating at ~ 30 Hz, corresponding to the precession frequency of the neutron
spin about the By field. This field is pulsed for approximately 2 seconds before and
after a 180 seconds free precession period, representing the “w/2” pulses.

Along with the magnetic fields, a ~ 12 kV/cm electric field is generated in each
cell volume via the application of high voltage to an electrode that forms the bottom
and top of the upper and lower storage volumes, respectively. The opposite side of
the cylindrical storage cells are ground electrodes, which pair with the high voltage
electrode as parallel plates. The resulting E field, assuming a positive voltage on the
central electrode, will be in the z direction for the upper storage cell, and the —z
direction for the lower. Recalling that By is in the z direction, this two-cell configura-
tion allows for the magnetic and electric field aligned and anti-aligned measurements
to occur simultaneously, relaxing the constraint on, for example, field stability cor-
responding to systematic uncertainty. Each cylindrical storage cell has a height of
10 cm and a diameter of 50 cm. Since the electric field is produced along the axis of
the storage cells, the total voltage needed on the high voltage electrode to produce
the desired electric field magnitude is 120 kV. The entire double storage cell appara-
tus is held in a large vacuum chamber to prevent electrical breakdown from the high
electric field magnitude.

Magnetically Shielded Room

In order to produce the low magnetic field environment necessary to carry out this
neutron EDM measurement, the UCN experimental hall’s background field magni-
tude, nominally ~ 20 T, and gradients must be mitigated. A five-layer magnetically
shielded room (MSR) has been constructed to provide a one cubic meter central vol-
ume with low remnant magnetic field gradient (< 1 nT/m). The room consists of
four mumetal layers, providing the low frequency magnetic shielding, and one cop-
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Figure 2.7: CAD model of the LANL-nEDM magnetically shielded room (MSR). The
rendering shows the MSR in the “open” orientation, i.e. the door is removed. The
By coil is positioned inside of the MSR, shown with blue-colored panels.

per layer, shielding higher frequency magnetic field perturbations. Penetrations exist
through the five MSR layers to provide access to the interior of the apparatus for var-
ious subsystems, e.g. the neutron guides, vacuum pump, high voltage cable, optical
paths for magnetometry, etc.

The mumetal layers can hold remnant magnetization from hysteresis so a degauss-
ing procedure has been developed to optimize the shielding factor of the room. The
magnetic environment inside the MSR can also be improved by reducing the magnetic
flux incident on each external face. A large array of square, Helmhotz coils, called
the “field cage” coils, have been implemented to accomplish coarse external magnetic
field control, aiming to minimize the ambient field experienced by the MSR. Inter-
nal sources of magnetic field create potentially large field perturbations that are not
mitigated by the shielding and are often difficult to quantify. Thus, it is necessary
to examine all components which will be located on the interior of the MSR dur-
ing experimental operation for magnetism, including magnetic impurities within a
nominally non-magnetic material.
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Simultaneous Spin Analyzers

After the completion of the second RF pulse in the Ramsey cycle, the UCN are
allowed to propagate to the one of the two simultaneous spin analyzers, each one cor-
responding to either the upper or lower storage cell. The simultaneous spin analyzers
contain two “arms” with a spin analyzer and a neutron detector. The spin analyzer
is a magnetized Fe foil which preferentially allows one spin state to be transmitted
while the other spin state is reflected. The neutron detector is a combination of a
9B coated ZnS scintillating screen, which converts the UCN signal into a pulse of
photons, and a silicon photomultiplier, which detects the generated photon pulse. On
one arm, the simultaneous spin analyzer will include a spin-flipping coil such that the
foil on this arm transmits the opposite spin state as the foil in the other arm. In this
way, the count of both UCN spin states can be measured simultaneously. The ratio
of spin-up to spin-down UCN measured is used to extract the neutron EDM value
via deviation from expected ratio derived from the Ramsey method with d,, = 0.

Magnetometry

Magnetometry provides access to magnetic field measurements during experimental
operation. Two types of magnetometry will be employed in the LANL-nEDM ex-
periment: comagnetometry and external magnetometry. The comagnetometer is a
companion species introduced into the same volume as the neutrons to allow a simul-
taneous EDM measurement. In the case where the EDM of the companion species
is known to be much smaller than the neutron EDM, the effect of the electric field
on the companion species can be neglected. The spin precession of the companion
species would then depend only on the magnetic field, ultimately serving to suppress
magnetic field effects such as time varying magnetic field magnitude and fields from
HV leakage current. The LANL-nEDM experiment will use *"Hg as the magne-
tometer because it has an EDM |dy,| < 7.4 x 1073%-cm (90% CL) [42], which is
nearly 3 orders of magnitude below the goal measurement sensitivity, and the spin
precession can be probed using optical techniques. The systematic effects associated
with a %"Hg magnetometer for neutron EDM searches using UCNs is well understood
[43]]44][45]. A polarized UV laser will be used to optically pump and probe the mer-
cury vapor. When the optical paths for the laser light pass through the each UCN
storage volume, the spin-dependent interaction between the light and the mercury
vapor modulates the transmission amplitude of the light. The Larmor precession
frequency of the '%Hg, and therefore the magnetic field magnitude, can be extracted
from this signal.

The external magnetometry, meaning external to the UCN storage volumes, makes
use of 199Hg in a similar fashion. The mercury vapor is contained within a glass
cylinder. The size of the glass cylinder determines the resolution of the magnetic
field measurement since the enclosed vapor will sample the entire interior volume.
A special coating is applied to the glass surface to minimize spin-relaxation, which
improves the precision of the measurements [46]. Many individual magnetometer cells
form an array of locations at which the magnetic field magnitude can be probed via
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Table 2.2: Expected statistical sensitivity of the LANL-nEDM experiment [41]. Ty
takes into account the time for loading, unloading, free precession period, and dead
time associated with a single measurement. It should be noted that the times for
achieving the sensitivities are live days/years. Given the operational schedule of the
linear accelerator and other considerations, one live year of data taking will take
approximately 5 calendar years.

Parameters ‘ Values
E (kV / cm) 12
N (per cell) 39,000
Trp (sec) 180
Teyele (sec) 300
APy 0.8
o/day (10~*°c-cm) 4
o/year (107*"e-cm) 2.1
90% C.L./year (107*"e-cm) | 3.4

polarized UV laser. Using Maxwell’s equations, well placed magnetometers external
to the storage volumes provide information about the magnetic field present within
the UCN storage volumes.

2.3 Statistical Uncertainty and Sytematic Effects

The overall sensitivity of the experiment can be broken down into statistical uncer-
tainty and systematic effects. The statistical uncertainty is

1
o5 ~
" BAPuTopV/MVN

where F is the electric field magnitude, A is the simultaneous spin analyzer efficiency;,
Pj; is the polarization of the neutron population at the detector location, Trp is the
free precession period in the Ramsey cycle, M is the number of experimental cycles,
and N is the average number of neutrons detected in one experimental cycle. Table
shows the expected values of these listed parameters, allowing the experiment to
achieve the goal sensitivity of 3 x 10~%*7e-cm.

Due to the fact that data taking has not commenced, the systematic effects for
the LANL-nEDM experiment can only be assumed based on previous neutron EDM
searches implementing similar methodology. Based on the systematic effects seen in
the latest Sussex-ILL experiment and the sources of those effects [2], one can extract
the necessary control measures which must be implemented to meet the goal sensi-
tivity. Table shows the reported systematic errors in the 2020 updated analysis of
the ILL neutron EDM experiment. Many of these systematic effects will be removed
from the LANL-nEDM experiment by design. For example, the magnetometry will
be probed using laser light which greatly reduces the vy, light shift effect, and the
dipole field effect is nearly eliminated by a strict materials scanning routine. Other

(2.24)
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Table 2.3: Systematic errors reported in the 2020 updated analysis of the ILL neutron
EDM experiment [2]. The units of the effects are 1072 e-cm.

Effect ‘ Shift ‘ o
Error on (z) -7
Higher order gradients G 69 | 10
Transverse field correction (B2) 0| 5
Hg EDM [42] 0.1 0.1
Local dipole fields - 4
7 x E UCN net motion - 2
Quadratic v x E - 101
Uncompensated G drift -1 75
Hg light shift -104
Inc. scattering 1*"Hg -7

systematic effects depend on the experimental control and knowledge, e.g. employing
magnetometry to closely monitor magnetic field drifts.

This section will focus on key uncertainties and systematic effects within the scope
of this thesis work, i.e. related to the By and spin-transport magnetic field gradients.

Geometric Phase Effect

It is most crucial to control for systematic effects that scale linearly with the F field
because such an effect would be interpreted as an EDM. This is precisely the case for
the so-called “geometric phase” effect—a well known phenomenon in permanent EDM
measurements using trapped particles, atoms, and molecules [47]. The geometric
phase results from the combination of By magnetic field gradients and the motion of
the UCN during the storage time. To understand the source of this effect and why
it is inherent to the experimental method employed, a derivation is outlined below
(following from [47], [48]).

Suppose a neutron stored within a cylindrical container with a uniform éo = Byz
applied magnetic field. The spin will undergo Larmor precession at angular frequency
wo = YpBoy. In a reference frame rotating at an angular velocity &,, with &, parallel to
Wo, the precession frequency will be shifted. The precession frequency in the rotating
frame Aw = wy — w, can be understood as Larmor precession about an effective

magnetic field
-, Aw SO,
Bejp=——= (Bo - —)
Tn Tn
A second magnetic field Exy perpendicular to By is introduced such that the total

magnetic field in the lab frame and rotating frame are:

Elab = Emy + Bo = B,y (cos(w,t)Z + sin(w,t)y) + Boz (2.25)
grot = Bmyi’ + Beffé '
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Using B,..t, the neutron spin precession frequency in the rotating from can be written

as: L
w 212
Bl + (Bo - —’”) ] (2.26)

Wn—rot = ’YnBrot = Tn ~

Now, an angular frequency shift away from the Larmor frequency due to this rotating
B,, magnetic field can be determined:

Wshift = Wn—rot — W0

w2, 2 (2.27)
= (WO - Cw) {1 + m} + (wr — wo)
where wgy = 7, Bsy. In the limit B,, < ( By — ‘;—;)
2 P2
fyany
shift ~ 57— 2.28
Wshift 2w — wn) ( )

The frequency shift in Eq. is a well known phenomenon called the Bloch-
Siegert shift. In order for such a shift to occur, there must exist some source of
oscillating magnetic field transverse to the By magnetic field. Given only static fields
are applied to the neutron, one might suspect that the frequency shift would vanish,
assuming there would not exist a candidate oscillating B,,. However, time varying
magnetic fields in the neutron reference frame will be present, even in a static field, if
non-zero spatial field gradients are combined with motion through the field [49]. An
example pertaining to the LANL-nEDM experiment is presented below.

A physically realized By magnetic field will contain a non-zero gradient along the
nominal field direction, namely 0By, /0z. Under the assumption that the region of in-
terest is free from magnetic field sources, Maxwell’s equations require a corresponding
radial field in the z = 0 plane:

A

— T 8BOZ
— r

or — —

Cylindrical coordinates are chosen to match the geometry of the storage cells for
the LANL-nEDM experiment with the axis of the cylindrical cells aligned along z.
As discussed in the neutron EDM measurement method employed requires the
application of an electric field E across the storage cell volume. The UCN within the
cell will experience a motional magnetic field dictated by special relativity:

Bonot = . (2.29)

where ¢ is the velocity of the neutron. In the reference frame of the neutron, the
effective magnetic field is

rdBy, . Exi (2.30)




Table 2.4: The expected experimental parameters for the LANL-nEDM experiment

[41]. These values are estimated from previous experimental work in the field 2] [42]

as well as research and development conducted at LANL. Note: w, = %.

Parameter ‘ Value
P 0.5m
Vg 5m/s
E 12 kV/cm
Wy 10s7!
wo 183.2 rad/s

Assuming the neutrons undergo specular reflection when interacting with the cell
walls, the neutron velocity will precess around the z axis. Thus, B.ss will oscillate
in the zy plane similar to By, from the Bloch-Siegert shift derivation. The induced

frequency shift can be found by plugging in Eeff to Eq. m

2 p2
Wshift = —%Beff
o 2(wo — wy)
2 (2.31)
(5% BT
2(wo — wr)

where w, is the angular frequency of the neutron’s velocity.

Expanding the numerator, one will find that the cross term in linear in E which
will not average to zero when considering a population of neutrons with equal proba-
bility of net rotational motion in the clockwise and counter-clockwise directions. The
LANL-nEDM experiment extracts the neutron EDM via a phase difference between
the neutron populations in two cells—one with the E field aligned along B, and one
with the F field anti-aligned with By. The phase difference resulting from the shift
in Eq. is:

VaPVeE 0By, |w|
2 0z (Wi —w?)
where p is the radius of the cylindrical UCN storage cells.

The upper limit on the gradient can be calculated from this formula using the
goal sensitivity and expected parameters. The LANL-nEDM goal sensitivity is 3 x
10727 e-cm, corresponding to a frequency shift of 1.09 x 1077 rad/s in each cell.
Plugging the experimental parameters (see Table into Eq. and solving for
the gradient, the upper limit on 9By,/0z is found to be:

AWTT — AWN = (232)

<0.3nT/m (2.33)

Polarization Product

The polarizing magnet provides a UCN population with > 99% polarization. After
passing through the polarizing magnetic field, the neutrons propagate throughout
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the guides and storage cells for ~ 250 seconds—the sum of the fill, storage, and
dump times—before reaching the detector. The UCN population is likely to have
a decreased polarization from interactions with magnetic field gradients during this
approximately four minute period, leading to decreased Ramsey fringe contrast and
decreased statistical reach of the experiment. Two concerning sources of depolariza-
tion are spin relaxation during free-precession and non-adiabatic transport through
the MSR mumetal layers.

Ramsey’s method of separated oscillatory fields as described in Section [2.1]assumes
a uniform By magnetic field. Under this assumption, each neutron in the storage cell
are precessing at the same rate, wg = 7, By, regardless of position. Thus, the initial
polarization F, of the neutron population is conserved. The transverse phase of
each neutron will depend on the average magnetic field experienced. If the magnetic
field contains spatial gradients, which must be true for any physical magnetic field
produced, neutrons that sample the storage cell volume differently could experience
different average magnetic field magnitudes. For example, a neutron n; with kinetic
energy K F, will generally have an average z position that is lower than a neutron ns
with kinetic energy K Fy > K FE; due to the gravitational potential energy associated
with z. In combination with a linear gradient 0B,/0z > 0, the neutron with a
larger average z will also see a larger average magnetic field, resulting in a larger
accumulated phase.

The dephasing that occurs during the free-precession period is called transverse
spin relaxation. The characteristic time scale T of the dephasing for a cylindrical
geometry is given by [50]:

1 2pt (OB, \?  2v2R' (0B,\’
T, = Il L 2
9T, ' 120D \ 0z 96D \ Op
hR
D~ |v|—2
by

where 77 is the longitudinal spin relaxation time, h is the height of the storage cell,
R is the radius of the storage cell, and v is the neutron velocity. The LANL-nEDM
values for these variables along with the gradient specification from the geometric
phase can be used to estimate Th ~ 10° s, which leads to a decrease in polarization
of &~ 1 — exp(180/10°) ~ 0.002, which is negligible depolarization. Therefore, the
constraint on the magnetic field gradient from the geometric phase is stringent enough
for the spin relaxation as well.

External to the MSR, the ambient magnetic field magnitude is ~ 20 p'T. Given
the By field magnitude within the MSR is 1 4T, the neutrons must experience a sub-
stantial magnetic field gradient as they pass through the layers of magnetic shielding.
The rate at which the field changes needs to meet the adiabatic condition x > 1
(as described in Section in order to maintain the neutron polarization in this
transition region, s being the adiabaticity parameter [51]:

wr

KR =

(2.34)

Wyrad
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where w;, = %|§ | is the Larmor precession angular frequency about a magnetic field
B and Wgrad 18 the angular frequency of the magnetic field seen by the UCN.

k > 1 implies that the speed at which the neutron spin precesses about the
magnetic field is much larger than the fractional rate of change of the magnetic
field in the rest frame of the neutron. A system of spin-transport coils have been
designed to provide an optimal magnetic field taper in the region within the MSR
penetrations. An in-depth discussion of adiabaticity, the field taper design method,
and particle tracking simulation results are contained in Chapter [4]

Copyright© Jared Brewington, 2023.
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Chapter 3 Highly Uniform B, Coil

The By coil provides the static, highly-uniform magnetic field for the LANL-nEDM
experiment. As described in Section the field gradients present in the UCN stor-
age cells are associated with systematic effects crucial to the experiment’s measure-
ment sensitivity. Thus, the primary consideration in the By coil design is optimizing
the field uniformity in the fiducial volume. The engineering constraints related to part
fabrication and operation of the experiment are also important factors in designing
the By coil geometry. Since many features of the By coil are driven by these phys-
ical constraints, this chapter begins by introducing the coil design and highlighting
features meant to accommodate the LANL-nEDM apparatus.

3.1 B Coil Design

The By coil is a multiple split solenoid with an octagonal cross section. In total, there
are eight coil sections separated by seven gaps. The four sections nearest to the center
of the By coil are the “inner” sections, which are connected in series and excited with
current I, ~ 3.5 mA. Similarly, the remaining four “outer” sections are connected
in series and excited with current I,,, ~ 1.821;,, where I, /I;, is chosen to minimize
gradients in the UCN storage volume (see Section [3.2). The exact current values
will vary depending on the operating conditions present in the LANL experimental
hall. For example, ambient temperature changes can alter the magnetic response of
the MuMetal layers, and thermal expansion/contraction from ambient temperature
shifts can affect the interaction between adjacent sheets of MuMetal. The height and
width of the By coil are 2.243 m and 2.131 m, respectively. Refer to Section for a
detailed breakdown of the various coil section and gap dimensions. Take note of the
labels for the gaps and coil sections in Fig as these will be referenced throughout
the chapter. In addition, the cardinal directions will be used to specify particular coil
faces (e.g. the Northwest face). The apparatus is oriented such that the neutrons
enter the MSR through the South face, and the MSR door is located on the West
side. The split solenoid design provides a high degree of flexibility in the size and
position of the gaps, allowing access planes to the interior of the By coil for various
subsystems detailed below.

Magnetometry

The magnetometry for the LANL-nEDM experiment must be pumped and probed
using linearly polarized UV laser. Thus, there must exist an optical path through
the By coil volume corresponding to the position of each magnetometer that will be
monitored. The comagnetometry, a “Hg vapor that co-inhabits the UCN storage
volume, will be probed at the center of each storage cell. An array of five external
magnetometers will also be implemented on the plane centered between the storage
cells. The optical paths necessary to probe these magnetometers are accommodated
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Neutron Guide
Penetrations

Figure 3.1: CAD renderings showing the By coil in a 3D view to give perspective of
the octagonal shape (TOP) and a 2D view with the labels for gaps and coil sections
(BOTTOM).
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Figure 3.2: CAD models of the LANL MSR and the By coil. The LEFT image shows
the North side of the MSR, which includes the penetrations corresponding to the
neutron guide locations, magnetometry, etc. The RIGHT image shows the interior
of the MSR with the By coil in place. In this view, one can see how the placement
and dimension of each coil section accommodates the various penetrations.

by the three gaps nearest to the center of By coil: gaps G1, G2,, and G2; (see Fig.
. Gap G1 is able to accommodate all five external magnetometers since they are
in the same z plane. Gaps G2, and G2; align with the center of the UCN storage
cells, which is also the height at which the "Hg comagnetometer will be probed.
The mercury vapor will be pumped via a longitudinally polarized pulsed laser with
optical paths through gaps G3, and G3;.

Since each coil gap provides access in an entire z plane, the coil design provides
the opportunity to relocate, or even expand, the external magnetometer array to any
position where a gap exists without coil design alteration. Such an action would
require a modification of penetrations in the MSR, which has small penetrations
for each optical path anticipated for the experiment. In consideration for future
upgrades or expansion to magnetometry, the MSR optical path penetrations exist on
a removable MuMetal panel which can be redesigned as the experiment evolves.

Neutron Guides and High Voltage Cable

Within the coil gaps, the magnetic field gradients are large enough to cause depolar-
ization of the UCN population. Therefore, the neutron guides should not enter the
interior of the By coil via one of the gaps. Instead, the guides are passed through pen-
etrations in sections S2, and S2;. The current incident with the penetration boundary
is rerouted around the penetration perimeter. At these penetration locations, the By
coil interfaces with the spin-transport coils to mitigate field perturbations resulting
from the rerouted current distribution. The neutron guides only pass through the
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south side of the coil so the guide penetrations could be removed from the north coil
faces. It was decided that the penetrations should be on both the north and south
faces to mitigate magnetic field asymmetry in the UCN storage volume. Without neu-
tron guides on the north side, these penetrations can be used for other subsystems to
access the interior volume of the By coil, such as the high voltage (HV) system. The
HV is applied to the center electrode via a high voltage cable. The correspondingly
large bend radius limits the displacement between the HV vacuum feed-through and
the location at which the cable enters the interior volume. Using the B, penetrations
to route this cable prevents the need to provide a large gap near the mid-plane of the
coil, which would reduce magnetic field uniformity.

Magnetic Field Mapping

Knowledge of the magnetic field is key to the success of the LANL-nEDM experiment.
A deep understanding of the magnetic field gradients in the fiducial volume allows for
optimization of the control measures available, e.g. environmental controls, degauss-
ing, tuning the B, current ratio, adjusting the external field cage, and calibrating
shim coils. The By coil geometry is amenable to many different field measurement
strategies. Measuring the field during experimental operation is accomplished via
the magnetometry discussed above. When the apparatus is not assembled inside the
MSR, other methods of field measurement are preferred. An array of optically probed
magnetometers could be implemented at ~ 50 pT—the magnitude of the geomag-
netic field—taking into consideration complications from, for example, the nonlinear
Zeeman effect [52]. To measure the magnetic field at multiple locations, one can
build a stationary array where the number of probes is equivalent to the number
of locations, or a small number of probes—typically one—can be moved to many
different locations measurement points. An array of magnetic field probes is easily
accommodated by the By coil as the associated electronics can be routed through
the numerous gaps available. A system which translates probes through the interior
volume provides more stringent geometric constraints.

The By coil is designed for an H-frame mapping system similar to a gantry. Two
large I-beams form the main structure of the mapper, and these must be supported
externally from the MSR to prevent excess load and vibrations experienced by the
MSR. Aluminum is the candidate material for the rails due to its favorable, i.e.
nonmagnetic, properties. Given the strength of aluminum, the projected weight of
the mapping system, and the length of the rails, which must be greater than 3.5 m
to span the MSR outer dimension, the I-beam profile must be made large to rigidly
support the mapping apparatus. Gap G3, and corresponding penetrations through
the MSR layers provide a path for I-beam rails with flanges and web up to 7 inches .
See Section for more details of the H-frame magnetic field mapping system.
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|B| from Solenoid in LANL-nEDM MSR
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Figure 3.3: Color map of |§ | of a large solenoid housed inside the LANL-nEDM MSR.
The 2D cross section shown is the y = 0 plane. The coil height and diameter are
2.3 m. The volume averaged magnitude of the vertical gradient of the B, component
in the UCN storage volume is 1 T is (|0B,/0z|) = 8.39 nT/m. Note: The gradient
calculation is normalized to a central field magnitude |By| = 1 uT.

3.2 Magnetic Field Optimization

Gapped Solenoids

Nearly all physics students will be familiar with the popular example of a uniform
magnetic field generated by an infinitely long solenoid [53],[54]. An approximately
infinite length solenoid—meaning much longer than the length of the UCN storage
volume—would provide a magnetic field which meets the uniformity specification
for the LANL-nEDM experiment. This of course ignores many of the experiment’s
physical considerations such as the implementation of magnetic shielding surround-
ing the apparatus to control the ambient magnetic field magnitude and gradients.
Since the By coil is located within the MSR, the inner dimensions of the MSR are
the practical limitation on the maximum coil size, allowing a maximum length and
diameter less than 2.4 m. The magnetic shielding boundary conditions can be viewed
as image currents, effectively increasing the length— equivalently the magnetic field
uniformity—of the enclosed solenoid. Using finite element analysis, the average mag-
netic field gradient (|0B,/0z|) for a maximally large solenoid inside the MSR can be
calculated to be 8.39 nT/m (see Fig. [3.3). For comparison, the specified magnetic
field gradient for the LANL-nEDM experiment is (|0B,/0z|) < 0.3 nT/m, a factor
of 28 lower gradient than the field provided by the solenoid.
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The magnetic field uniformity in the central field volume of a finite length solenoid
can be improved by the inclusion of a gap at the center of the solenoid [55]. Assuming
a solenoid in free space has a current distribution that is well represented by a current
sheet, the optimal gap length can be calculated analytically [56]. Near the center of a
gapped solenoid, the magnetic flux density will increase as |z| increases. The opposite
behavior occurs for the central region of a finite solenoid where the magnetic flux is
decreasing for larger |z| positions. As shown in Fig. , the combination of these
fields results can result in higher field uniformity in the central volume. The resulting
current distribution from the combined solenoid and gapped solenoid is a double-
gapped solenoid. An interesting feature of this current distribution is the ability to
tune the ratio of the outer current (the gapped solenoid current) to the inner current
(the central solenoid current) as a means of minimizing gradients [57],[36].

By Optimization

The optimized By coil geometry must simultaneously satisfy the physics constraints
(i.e. the magnetic field gradient specification) and the engineering constraints (dis-
cussed in section . Both sets of constraints are equally important to the success
of the experiment, and they have some interplay. The magnetic field provided by the
By coil is fully determined by the current distribution and the magnetic boundary
conditions present. The engineering constraints determine the nature of the bound-
ary conditions and place limits on the available volume for currents. A convenient
feature of the multi-split solenoid design is the ability to accommodate many geomet-
ric constraints, allowing for flexibility in the engineering constraints without the risk
of drastic coil redesign. Given the general nature of the coil geometry and boundary
conditions, the tool chosen to complete the By coil geometry optimization was finite
element analysis (FEA) software, namely COMSOL Multiphysics.

The By COMSOL model used for parameter optimization contains uniform 2D
current sheets inside a multi-layer MuMetal enclosure (see Figure . The current
sheet approximates multiple parallel current-carrying traces which greatly reduces
the time and computational resources required for each FEA simulation. The model
used for parameter optimization does not include the neutron guide penetrations
through sections S2, and S2; since the effect of the associated rerouted current is
mitigated by the spin-transport coils—Chapter {4| contains a detailed discussion of
the spin-transport coil contribution to the By field. The penetrations in the MSR are
also ignored for this initial optimization.

The optimal By coil parameters will minimize the magnetic field gradients within
the UCN storage cells, most importantly (|0B,/0z|). A search of the parameter
space was conducted in COMSOL via parametric sweeps. The following parameters
were included in the optimization: total number of sections, section widths, section
positions, and section currents. The number of free parameters is reduced greatly if
mirror symmetry across the xy plane is prescribed to prevent production of odd mag-
netic field gradients. There are also physical considerations, e.g. the inner dimension
of the MSR physically bounds the total By coil height and width.
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Figure 3.4: This set of images shows magnetic flux lines from a solenoid (a), gapped
solenoid (b), and double-gapped solenoid (c) calculated using a 2D axi-symmetric
finite element simulation—the left side of each image being the axis of symmetry.
The green in each image represents the current density oriented into the page. Note
that the solenoid field diverges as distance from the center increases. On the other
hand, the gapped solenoid field lines converge, up to some point, moving away from
the center of the system. Thus, the linear combination of these two fields, given that
their magnitudes are approximately equal, will produce straighter flux lines near the
center of the system. This effect is represented in (c), where the field is produced by
the combination of the solenoid and gapped solenoid coils.
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Figure 3.5: Simplified COMSOL model of By and the LANL-nEDM MSR used for
optimization of the By coil parameters. This simplified geometry does not include
penetrations in the By coil faces or the MSR walls. Without these penetrations, the
system has a 7/4 rotational symmetry about the z axis and a mirror symmetry about
the z = 0 plane. In this case the system can be simulated in just one octant with the
application of proper boundary conditions.

As discussed in Section there are various subsystems which need unobstructed
access to the interior of the By coil. Generally, these access locations are provided in
the form of gaps in the By coil surface. The span of z corresponding to each access
location is defined as a “keepout” zone in the optimization routine, meaning that
the coil current sheets must not intersect those regions. A notable exception is the
neutron guide access, which is provided by a penetration in sections S2, and S2; of
the By coil. The motivation for bringing the neutron guides through the coil faces
comes from spin-transport optimization, discussed in Chapter [}

The optimal design with the simplified geometry approximation is used as the
starting point for a parameter sweep with a higher fidelity model. Here, the sym-
metry planes are removed, permitting the inclusion of asymmetric features such as
the MSR penetrations. Modeling the full system also presents the opportunity to
investigate the effect of expected tolerances, discussed in Section In the physical
implementation, the By coil faces are PCB panels with horizontal traces to carry the
current. The trace widths were chosen to be 2.5 mm with 3 mm spacing center to
center for manufacturing considerations. Thus the optimized coil parameters had to
be adjusted such that the current sheet widths were integer multiples of 3 mm. The
optimal current ratio shifts from 1.75 to 1.82 when the PCB widths are included in
the model. These adjusted widths are reported as the final design values shown in
Table B.11

The table shown in Figure lists the various gradients extracted from the op-
timized By COMSOL model. The exact values are listed here for completeness,
although it is not expected that the physical magnetic field can achieve this level of
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Fractional Change from the central value of |B| plotted on the y=0 plane
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Figure 3.6: Color maps of fractional change in |B| from the central value |By| = 1 uT
produced by the optimized By coil within the LANL-nEDM MSR. The top image
shows a plot of the field profile with a scale of £5%. The bottom image shows a plot
of the same values with a smaller scale: +0.1%.
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Table 3.1: List of the optimized coil parameters for the By coil. These values were
established using parameter sweeps in COMSOL to minimize the volume averaged
gradient magnitude (|0B,/0z|) in the UCN storage cells. The listed coil section
positions correspond to the minimum z position of the section. Only the sections
located on the upper half of the coil are shown; the lower section parameters can be
derived using mirror symmetry across the z = 0 plane.

By Coil Parameter ‘ Value
Total width 2.243 m
Total height 2.131m

Current Ratio (Ipys/Iin) 1.820
S1, z position 15.8 mm
S1, height 51 mm
S2, z position 107.9 mm
52, height 252 mm
S3, z position 560.0 mm
S3,, height 150 mm
S4,, z position 915.6 mm
5S4, height 150 mm

Partial Derivative Gradient Value (nT/m )

£ 0.048
B, %y 0.040
¥ 32 0.072
P 0.041
B, % sy 0.061
oz 0.041
g 0.078
B, %ay 0.042
oz 0.070

Figure 3.7: Table of gradients extracted from the optimized By COMSOL model.
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uniformity. The shielding performance of the MSR combined with the non-zero tol-
erances of the physical By coil will likely result in gradients larger than the modeled
gradients. In the remainder of the chapter, gradients less than 0.1 nT in magnitude
will be specified as “< 0.1 nT/m”.

3.3 Tolerances

It has been shown above that the By coil design theoretically provides a magnetic
field consistent with the gradient specification (|0B,/0z|) < 0.3 nT/m. The physical
coil and surrounding magnetic materials will contain imperfections and inaccuracies
which result in field gradients with larger magnitude than the modeled field. The
examples of possible discrepancies between the modeled coil and the physical coil
discussed in this subsection are: the ratio between the two applied currents, the
positioning of the coil sections relative to the MSR, and the magnetic properties of
the MuMetal shielding layers. A successful coil design will meet the specified gradient
requirement despite expected imperfections in the range of the estimated tolerances.
In other words, the optimized coil design should be located in a sufficiently flat region
of the parameter space such that altering any coil parameters by the corresponding
achievable tolerances will not increase the magnetic field gradients above the gradient
specification.

Applied Current Ratio

The optimal current ratio in the modeled By system is I, /I;, = 1.820 (see Table
3.1). Note that only 4 significant figures are included. The motivation for this is
two-fold: 1) Any changes in the magnetic material surrounding the coil will cause the
optimal current ratio to shift. Since the modeling of the MSR surrounding the coil is
imperfect, the optimal current ratio for the physical apparatus will be determined in
situ via a feedback from magnetic field measurements. More details on the expected
range of such a shift in current ratio will be discussed later in this section. 2) The
power supplies employed to supply the currents will have a noise profile and non-
zero current magnitude drift over time. If the By field is more sensitive to these
perturbations in current values, the optimal current ratio would need to be precise
to many significant digits, making the supplies more difficult and/or more expensive
to fabricate or acquire.

To address these concerns, the optimal coil parameters should be chosen such that
the gradient specification is satisfied for a range of current ratios. Using the COMSOL
model, the current ratio can be swept, holding all other parameters constant, to
investigate the effect of perturbing the current ratio on the storage cell gradients. The
results of the sweep are summarized by the plot in Fig[3.8] The By field profile in the
upper UCN storage cell corresponding to various current ratios is shown in Fig [3.9]
Given the relatively large range over which the gradient specification is still satisfied,
the power supply requirements will not be constrained by gradient concerns, i.e.
relative drifts of the currents provided by each supply. A more stringent requirement
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Magnetic Field Gradient in Storage Cells vs. Current Ratio

0.00045 A

0.00040 ~

0.00035 ~

0.00030 -

|>/Bo

aB.
dz

0.00025 +

(]

0.00020 ~

0.00015 +

0.00010 ~

0.00005

1.8100 1.8125 1.8150 1.8175 1.8200 1.8225 1.8250 1.8275 1.8300
Current Ratio

Figure 3.8: Plot of (|0B,/dz|) normalized to the central value of By for different cur-
rent ratios. The dashed red line represents the upper limit of the gradient specification
(|0B./0z]) < 0.3 nT/m. The gradient produced by the modeled By coil design satis-
fies the gradient specification for the range of current ratios 1.814 < I,/ 1;;, < 1.828

of the power supply current will come from the temporal stability required for the
neutron EDM measurement.

The By coil could be driven with up to 4 independent currents, assuming that the
coil is still made to be symmetric about the xy-plane. The By design presented here
also has the following constraints on current:

Isi = Igo (3.1)
Iss = Igy .

This reduces the number of independent currents to two. The magnetic field uni-
formity in the fiducial volume can be increased if the constraints in Eq. are not
applied. However, if Ig; # Iso # Ig3 # Ig4, four current supplies are required to
generate the By field. Having four independent current supplies introduces complex-
ity in the magnetic field control and data analysis because the supplies will all drift
relative to one another. There is also effort and cost associated with implementing
and monitoring two additional power supplies. Given that the MSR performance
specification is based on the UCN storage cell gradient specification, improving the
By field uniformity past 0.1 nT/m is unlikely to be realized in the physical apparatus.
Since the By model indicates that the gradient specification can be achieved using
two current supplies without sacrificing the magnetic field uniformity in the fiducial
volume, the two-current design is preferable compared to a design with four currents.

In the modeling, the optimized values were not currents—they were current den-
sities. The terms current and current density have been used interchangeably in this
chapter under the assumption that the current paths in the inner and outer coil sec-
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Fractional Change in B from central value in upper cell--Current Ratio = 1.81
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Figure 3.9: Plots showing the B field profile in a y = 0 cross section of the upper
UCN storage cells for current ratios 1.81, 1.82, and 1.83 (from TOP to BOTTOM).
Since the model is symmetric across z = 0, one can infer the field behavior in the
lower cell. The color map shows fractional change from the central |B| value. The
vector plots show B projected onto the y = 0 plane. The z component of the vectors
has been scaled by 107 to visualize the divergence/convergence of the fields. The
optimal current ratio 1.82 is tuned such that there is very little deviation in the B,
component of the vector plot.
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tions have equivalent, constant cross section. This was implemented in the By final
coil design presented here by setting all PCB trace widths to 3 mm and using 2 oz
copper thickness. It is interesting to consider altering trace density, as opposed to
current value, to produce different current densities. For example, the optimal By coil
design presented in this chapter could have used the same 3 mm trace pitch on the
inner coil PCB panels and a 1.65 mm trace pitch on the outer coil PCB panels. Then
exciting the inner and outer coils with the same current would produce the desired
current ratio of 1.82 from Table [3.1] This allows By coil sections to be connected in
series and operated with a single current supply. Assuming that the behavior of the
MSR is linear with respect to the By current—a valid assumption if the MuMetal is
far from magnetic saturation—drifts in the single current supply would only alter the
magnetic field magnitude, and the fractional gradient would remain constant. The
sacrifice associated with the single supply design is that the current ratio cannot be
tuned in situ. Since the modeling may not precisely capture the magnetic properties
of the MSR, which are not necessarily constant over time, it was decided that the
flexibility in the two-current design outweighed the advantages of the single-current
option. The magnetic properties of the MSR related to the By coil tolerances are
discussed in detail later in this section.

Physical Offsets

When the By coil is assembled, the positions of each coil section will have some
error. The magnitude of this error depends on the method used to measure the
various positions. Using FEA modeling, the precision required for positioning the
coil sections can be estimated. The estimates inform the process and mechanisms
used in the coil assembly process. Using the method of images as in [58], the system
of the By coil and MSR can be visualized as the By coil superimposed with two
reflected coils—one from the top face of the MSR and one from the bottom face. The
position of the reflected coils depend on the distance r from the MuMetal surfaces. In
this picture, if the By coil is displaced by D in the positive z direction, the reflected
coil from the top MuMetal surface will be displaced by — D, and the reflected coil from
the bottom MuMetal surface will also be displaced by —D. Relative to the fiducial
volume, the distance to the upper reflected coil has decreased while the distance to
the lower reflected coil has increased, creating an asymmetry in the effective current
distribution. The worst-case scenario is a vertical offset of the entire By structure,
i.e. offsetting the z positions of each coil section in the same direction, because this
type of offset maximizes the asymmetry of the effective current distribution. Figures
and show the effect of a vertical offset on the magnetic field gradient. An
offset > 0.24 mm will result in a magnetic field gradient larger than the specified
(|0B./0z|) < 0.3 nT/m. Considering the scale of the coil is ~ 2 m, sub mm precision
is difficult to achieve. To accomplish such precise positioning, a point cloud will be
generated from the initial coil assembly using a laser measurement system. The point
cloud can be used to prescribe displacements of the corner connectors that determine
the coil section positions, and the adjustments can be applied precisely using the z
position adjustment mechanism described in section [3.4 Since the By field is very
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Magnetic Field Gradient in Storage Cells vs. Vertical offset
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Figure 3.10: Plot of volume averaged magnitude of fractional B, vertical gradient
versus vertical offset of the By coil. Note that the vertical offset on the z-axis is
applied to all the By coil sections. The dashed red line represents the upper limit

of the gradient specification. The gradient specification is satisfied for offsets up to
0.25 mm.

sensitive to a globally applied vertical offset, it is important that the technique chosen
to do the initial coil assembly is not subject to a systematic effect that produces such
an offset.

Suppose the positioning constraint is relaxed to allow for up to 1 mm vertical
offsets where the offset of each coil section is randomly distributed between —1 mm
and 1 mm. This level of precision is achievable even without implementing the laser
measurement system. Three example assortments of offsets are shown in Table
alongside the corresponding value of (|0B,/0z|). The effect of these offsets is much
smaller than even a 0.5 mm offset as observed in Figure[3.10] For some arrangements
of offsets, the gradients may be larger than the specified value and would require cor-
rection, i.e. physical adjustment of coil position, field tuning by altering the current
ratio, or the application of fields from shim coils. Table supports the decision to
relax the physical offset precision to < 1 mm offset, as long as any correlated sys-
tematic shifts are mitigated. Physical offsets in the x and y directions were modeled
as well. These horizontal offsets have negligible effect on the gradients in the UCN
storage cell volumes. Returning to the method of images, the reflected coils from the
side walls of the MSR will be seen as adjacent solenoids. The field outside of the
radius of the solenoid and close to its mid-plane will be much smaller than the field
at its center [59]. Therefore, the contribution of each of these reflected solenoids from
the side walls is expected to be negligible.
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Figure 3.11: Color maps showing effect of vertical offsets on the B field profile. The
offset listed in each plot title is applied to the z position of the By coil sections. Note

that larger offsets result in larger field variation across the cell volumes, represented
by the small rectangles at the center of each plot.
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Table 3.2: Table of offsets for each By coil section in mm and the modeled gradient
from a design with those offsets applied in nT/m. The nominal design case does
not have any position offsets. The offsets are selected at random from a uniform
distribution [-1, 1] mm and rounded to the nearest 0.1 mm. Note that Ex. 1 does
not meet the gradient specification (|0B,/0z|) < 0.3 nT/m.

Coil Section || Nominal design | Ex. 1 | Ex. 2 | Ex. 3
S4, 0 0.5 0.4 0.2
S3; 0 0.0 0.3 0.3
52 0 0.9 0.0 0.0
S1, 0 -0.3 0.2 0.8
S1, 0 -0.9 -0.2 -0.5
52, 0 1.0 0.3 -0.3
S3. 0 -0.4 1.0 0.3
S4, 0 0.6 -0.8 -0.3

(|0B./0=]) | <0.1 | 056 | 020 | <0.1

Mumetal Magnetic Properties

Mumetal is well-known for having inconsistent magnetic properties, specifically the
magnetic permeability. Two samples from the same batch may not show similar
permeability depending on the annealing and handling of the material, as was seen
in [60]. By the same token, a sample of MuMetal may have its magnetic properties
change over time if it is, for example, under mechanical stress. During transportation
and assembly of the MSR, the constituent MuMetal sheets were subjected to some
amount of stress. Re-annealing the material would return it to a high permeability
state [61], but it is not feasible to re-anneal the sheets in situ. Even if one could
complete such a measurement, the sheets may be subjected to additional stress from
the MSR settling or thermal expansion/contraction, altering the magnetic properties
over a long time scale. So, the magnetic properties of the MSR material is not known
to high precision. The primary purpose of the MSR is to shield the ambient magnetic
field, for which the performance can be evaluated without knowing the permeability
of the material. However, the permeability is important to consider for calculating
the field provided by the coil and MSR magnetic system.

The optimized model uses a nominal relative permeability u, = 3x10* to represent
the MuMetal shielding. If the physical MuMetal sheets have a different permeabil-
ity, the coupling between the coil and MSR will not be modeled accurately, and the
optimal location in the coil parameter space will shift from the modeled optimum.
It is not feasible to design a coil for a particular magnetic environment because, as
discussed above, the magnetic properties of the MSR can evolve over time. Instead,
the coil design should meet the gradient specification for the full range of possible
permeability. For a single coil design, the geometric parameters are fixed with the
exception of gap sizes, which may not be fully constrained but are difficult to ma-
nipulate. On the other hand, the current ratio can be freely varied to maximize
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Figure 3.12: Plot of volume averaged magnitude of fractional B, vertical gradi-
ent versus relative permeability p, of the MSR layers. The gradient specification
(|0B./0z]) < 0.3 n'T/m—the upper limit of which is shown by the dashed red line—is
satisfied for the range of permeability 21800 < p, < 50900. This analysis was per-
formed without adjustment of current ratio from the nominal value I, /1;, = 1.82.

field uniformity for the present magnetic system. It is important to validate that the
optimal By coil design can meet the gradient specification for the range of expected
permeability, and, if the gradient becomes too large using the nominal current ra-
tio for any permeability in this range, the required uniformity can be recovered by
adjusting the current ratio to a new optimal value.

The effect of u,. on the magnetic field gradient produced by the optimized B
design is shown in Figure [3.12] The range of permeability across which the gradient
specification is satisfied is 21800 < p, < 50900. The permeability of the physical
MuMetal sheets may fall outside of this range; however the current ratio that yields
the highest field uniformity with p, = 30000 will not necessarily yield the highest uni-
formity for a model with p, # 30000. If the current ratio is allowed to shift for differ-
ent values of .., the gradient specification criterion can be recovered. As an example,
one can evaluate the case where p,, = 75000. The gradient produced using the nom-
inal current ratio l,u¢/ I, = 1.82 is (|0B./0z|) = 0.46 nT/m. Adjusting the current
ratio to Iou/I; = 1.81 reduces the gradient magnitude to (|0B./0z|) < 0.1 nT/m,
successfully recovering the gradient specification of (|0B,/0z|) < 0.3 nT/m. Thus,
the design is able to meet the experiment’s magnetic field specifications for a range of
MSR magnetic properties, providing the flexibility needed to maintain the required
uniformity throughout the operation of the experiment.

Although the By coil modeling provides confidence that the applied magnetic
field will contain gradients within the experimental specification, the possibility of
large gradients present in the storage volume cannot be ruled out. The source of
field gradients could be ambient magnetic field that is not adequately shielded, rem-
nant magnetization in the MSR MuMetal, or the By field itself. Anticipating the
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possibility—even likelihood—of magnetic field gradients above the specified magni-
tude, a system of shim coils is being developed to generate general higher order field
gradients. The design of the shim coil system is based on the projection of field ex-
pansion terms onto a cubic surface within the MSR interior. The basis functions in
rectangular coordinates are calculated in [62)].

3.4 Novel Features and Prototyping

The materials and design for the By coil components were chosen to meet material
property specification, provide the necessary positioning precision, and mitigate chal-
lenges associated with the operation of the experiment. The requirement on material
properties is that the materials must be nonmagnetic, determined by the magnetic
contamination scanning procedure described in Section The precision to which
each coil section must be positioned is < 1 mm which comes from the analysis of
FEA modeling in the previous section. The experimental challenges addressed by the
coil design will be introduced during the detailed discussion of the corresponding coil
component in this section.

The By coil sections each contain eight PCB panels—the PCB panels representing
the flat coil faces. The panels contain multiple parallel traces which provide the
desired current path across the long axis of the coil face. Corner connectors are used
to physically support the PCBs and create electrical continuity across the 45° angle
at each “vertex” of the octagonal shape. The corner connectors consist of a rubber-
backed flexible PCB within a machined aluminum housing. The flexible PCBs each
have parallel traces matching the pattern of the two PCB panels with which they
are connecting. The PCB panels and flexible PCBs have copper pads at both ends
of each trace. When the exposed copper of the PCB panel contacts the exposed
copper of the flexible PCB, electrical continuity across the corner is achieved. The
connection between the flexible PCB and PCB panels is achieved via a compression
supplied by an aluminum sheet. The rubber backing is important for equalizing the
compression force across the panel width, maximizing the opportunity for reliable
electrical continuity. The coil sections are attached to the B, frame at the corner
connector locations. Each corner mount has a built-in adjustment mechanism that
allows for fine adjustments of the z position of the corner connector. The frame is
attached directly to exposed MSR support locations.

The assembly process of the coil begins with the frame. The B, frame, shown in
Figure is a series of extruded, T-slotted aluminum connected to the MSR. Since
the By coil is magnetically coupled to the MSR, it makes sense to physically couple
the two. Low-profile extrusion was chosen to maximize the volume available for the
coil and other elements of the LANL-nEDM apparatus. Breaks in the frame verticals
accommodate the neutron guide entry into the coil interior. The frame cannot be
mounted on the door of the MSR, which is the west wall, because the system must
be assembled when the MSR is open, i.e. when the west wall is not in place. Thus,
the west side of the frame is connected to the MSR via mount points on the ceiling.

After the frame is in place, the corner connector housings are mounted. The
corner connector mounts are 3D-printed parts that fully constrain the corner con-
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Figure 3.13: CAD renderings of the By coil frame and coil. The system is shown
standalone (LEFT) and in the MSR (RIGHT).

nector position. Gauge blocks are used to position the mounts precisely in reference
to the MSR ceiling mount points. The corner connector housings are then secured
in the mounts. Since the ceiling mount points may not be coplanar with the top
MuMetal face, the positioning achieved by the gauge blocks may not be accurate to
the < 1 mm requirement found in tolerance modeling. To account for this possibility,
the mounts include a fine adjustment mechanism in the form of a trapped nut and
bolt. The weight of the upper part of the mount is supported by this bolt, meaning
that the z position of the corner connector is fully determined by the position of the
bolt. Since the trapped nut cannot move, rotating the bolt will displace the bolt, and
consequently the corner connector, in the z direction. For a standard 1/4” — 20 bolt,
assuming the resolution of manual adjustment is limited to one quarter turn, position
adjustments of ~ 0.3 mm can be achieved, which should be adequate to meet the
gradient specification based on Fig. |3.10| and Table 3.2l Finer adjustment is possible
with the choice of a nut and bolt that have smaller pitch.

Finally, the PCB panels can be attached to the mounted housings. Note that the
choice of PCB panels and the design of the corner connectors allow for the coil to
be modular. The PCB panels exist independent from one another—aside from the
consideration that a closed loop should be formed to produce electrical continuity.
An example of why this should be considered advantageous is in the case of damage
to the trace causing electrical discontinuity. This may result in the replacement of a
single PCB panel. This simple solution is juxtaposed to damaging a cylindrical coil
wound with magnet wire where damage to the wire could lead to replacement of the
entire coil section.

Another advantage of the modular Bj design is that it allows quick access to the
interior of the coil for personnel. There are times during the operation of the experi-
ment when work, often maintenance, needs to be completed on the apparatus within
the By coil. A portion of this experimental “down time” is spent disassembling and
reassembling the coil. In the case of a wire-wound coil, the coil sections will likely need
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Figure 3.14: Picture of the full-scale By coil assembled in the MSR at LANL.

to be displaced or removed entirely, only to be repositioned when work is completed.
For the modular design, access to the interior of the coil is achieved by removing
the number of PCB panels corresponding to the space needed for the ongoing work,
which may be as little as six. In the end, the PCB panels can be reattached to the
corner connectors, which remain in their precise positions throughout the process.
The reduction in time spent with the experiment down due to the modular design
has a direct impact on the final statistical sensitivity attained.

The full-scale By coil has been successfully fabricated and assembled in the LANL-
nEDM apparatus (see Fig. [3.14]).
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Figure 3.15: Picture of the half-scale prototype By coil.

Half-scale Prototype

A half-scale prototype By coil was designed and fabricated to validate the full-scale
design concept. The main goal of the half-scale coil was to test the corner connector
housing, the corner mounting mechanism, and the electrical continuity provided by
the compression at the corner connectors. In addition to testing these features, the
half-scale prototype was placed into a small MSR at LANL to measure the magnetic
field generated.

A standalone frame was designed to support the prototype By coil. Extruded T-
slotted aluminum and aluminum hardware were used to fabricate the frame—choosing
nonmagnetic material allows for unperturbed measurement of magnetic field unifor-
mity. The corner connectors and corner mounts were 3D printed using polylactic
acid (PLA) filament. It was found that the mounts were difficult to position to the
sub 1 mm precision required which motivated the development of the fine position
adjustment mechanism described in the previous subsection. Additionally, the 3D
printed corner connectors deformed when applying the compression force to the PCB
panels, resulting in intermittent and/or unreliable connections between adjacent PCB
panels. To solve this problem in the half-scale By coil, aluminum sheets were added
to each side of the corner connectors as rigid support pieces. It was determined that
the full-scale By corner connectors should be machined from aluminum to provide the
rigidity needed for consistent electrical connection. The implementation of aluminum
corner connectors and a precision mount alignment mechanism was proven successful
in the full-scale By coil.
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Figure 3.16: Pictures of the half-scale prototype coil in the small MSR at LANL .

The half-scale By coil was designed to fit into a small MSR at LANL where the
field uniformity would be measured. The MSR provides a low field environment
to measure small gradients as well as the coupling between the By prototype and
magnetic shielding which is required to produce high uniformity. The half-scale coil
and framed were designed to accommodate the H-frame mapper that exists in the
small MSR at LANL. The H-frame mapper requires an unobstructed plane in which
the mapper can be translated. This plane is located between the top two sections of
the prototype coil. The field produced by the half-scale prototype inside the MSR
was measured along the axis of the coil. An anti-Helholtz shim coil was added to
cancel the linear gradient along the axis of the coil. Given the mirror symmetry of
the coil about the mid-plane, the coil should not produce a linear gradient along its
axis. Some possible sources of a linear gradient along the coil axis are: remnant
magnetization of the MSR after a degaussing procedure, a vertical position offset of
the coil frame relative to the MSR, and positional offsets of individual coil sections.
The existence of the strong gradients confirms the importance of precisely controlling
all such sources of magnetic field gradient, especially linear gradients along the axis
of the By coil, in the full-scale implementation of the By coil.

The magnetic field measured in the half-scale coil demonstrates the expected
behavior of the By design. A single fluxgate magnetometer was translated along the
axis of the coil in order to generate the various sets of magnetic field measurements.
Adjusting the current ratio between the inner and outer coil sections provides the
ability to minimize the even order gradients (see the left plot in Fig. . At the
optimal current ratio of 1.71, the shim current was increased to minimize the linear
gradient (see the right plot in Fig. . Given the optimal current ratio of 1.71 with
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Figure 3.17: CAD rendering of the H-frame mapper and the half-scale By. The map-
per allows motion of the carriage (shown at the center of the image) along the rail
spanning the coil width. This rail is translated perpendicular to its length via syn-
chronous actuation of stepper motors and a timing belt-pulley system (not pictured).
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Figure 3.18: Plots of B, from the half-scale B, prototype field along the axis of
the coil. The magnitude of the magnetic field produced by the prototype coil is
|By| = 2.9 uT. LEFT: Holding the shim current constant (100 mA), the By outer to
inner current ratio is swept to find the minimum second order gradient. RIGHT: At
the optimal current ratio of 1.71, the shim current is swept to produce the highest

uniformity—i.e. the smallest gradient. The optimal shim current is between 105 mA
and 110 mA.

the nearly optimal shim coil current of 110 mA, the magnetic field gradient along the
axis was:

1 0B,
BO 0z

1

<1x107*m™
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Chapter 4 Spin-Transport Coils

4.1 Spin-Transport Magnetic Field

The magnetic fields realized in the LANL-nEDM experiment will, of course, contain
non-zero gradients. The systematic effect of non-zero gradients present in the UCN
storage volume is discussed in the previous chapters. This chapter discusses the
impact of magnetic field gradients, which must be considered in all regions accessible
to neutrons, on the achievable statistical uncertainty. The UCNs propagate through
the neutron guides between the polarizing magnet and storage cells, during the fill
time period, and between the storage cells and detector location, during the dump
period. In order to maximize the polarization product AP, thus maximizing the
experiment’s statistical reach (Eq. , the polarization should be preserved while
the neutrons travel through the guide system. The adiabatic parameter x relates the
neutron polarization to the magnetic field gradients [51]:

wr,

(4.1)

K =
Wyrad
where wy, = ’yn\é | is the Larmor precession angular frequency about a magnetic field
B and Wgrad 18 the angular frequency of the magnetic field due to the gradients seen
by the UCN. If k > 1, the field is said to meet the adiabatic condition, meaning the
change in polarization due to the field gradients can be considered negligible. The
physical interpretation is that the neutron spin will follow the magnetic field direction
if it is rotating about the field much faster than the field is changing direction. Note
that a static magnetic field with a spatial gradient will produce a non-zero wg,qq if

the UCN is moving through the field, as shown in Eq. {.2}

1 dB
Wyrad = —= 5,
g |B| dt
1 dBdF
|B| d dt
. U_;L dé 1
|B| dr
where 7"is the position of the neutron and v, = dr’/dt is therefore the neutron velocity.
Plugging this result into Eq. [.1], we find:

(4.3)

The velocity of the neutrons will be, at most, 5 m/s (see Section |4.3)). The adiabatic
condition k > 1 is considered true when x > 100 for this maximum magnitude
neutron velocity, where 100 is arbitrarily chosen as a large number.
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The LANL-nEDM experiment relies on the MSR to supply a low magnetic field
environment in which the 1 T By field is the dominant magnetic field. Using this
field magnitude in Eq. [4.3], the field will meet the adiabatic condition if the following
is true:

0B

< 0.366 uT
o | = ph/m

Considering the stringent requirement for uniformity of the By field, represented by
the (|0B./0z|) < 0.3 nT/m, is three orders of magnitude smaller than the allowable
gradient using x = 100 at |§ | =1 uT, it can be assumed that the apparent rotation
of the magnetic field in the neutron rest frame provides negligible depolarization.

For the ambient magnetic field magnitude ~ 20 uT, the adiabatic condition is
met with a gradient:

< 146 uT
o7 | < 146 4T/m

Given that the field magnitude is 20 u'T, the source of such a large gradient would
necessarily be located in close proximity to the volume containing neutrons, i.e. mag-
netic contamination in or around the neutron guide. Since the materials of the system
are well controlled for magnetism, it is expected that the neutron polarization will
not decrease when the neutrons are in the 20 T field.

The region of space between the ambient field and the By field must have a
transition from 20 uT to 1 pT. The distance from the By surface to the exterior of
the MSR is 0.6 m, but the field taper occurs over a length of 0.75 m. The additional
15 cm external to the magnetic shielding assumes that the combination of the field
cage and MSR will reduce the field magnitude near the exterior of the MSR such
that the applied spin-transport field will dominate, effectively providing extra length
to ramp the field magnitude. If the field taper were linear, the gradient across this
region would be 25.3 ©T/m. The neutron spin-transport in the high field portion of
the field taper would be adiabatic, but the region with |§ | = 1 uT would introduce
significant depolarization with x ~ 107%. To prevent depolarization, the profile of the
magnetic field in the transition region should be designed to optimize for adiabatic
transport.

A discrete solution to Eq. can be calculated numerically for any value of k
using the following recursive relation:

Blzy) = 1.1 x 1076 . ?fk:() (4.4)
B(xzg_1) + (0h)yn| B(xp_1)*|(kv,) ™t if k>0

where dh is the step size between points at which the recursive equation is evaluated,
x = k(0h), and B(xy) is the magnetic field magnitude at z5. As 6h — 0 the discrete
solution converges to the continuous solution. From the convergence plot shown in
Fig. [4.1] a step size of 1 um is sufficiently small to provide a precise solution. The
field taper is designed starting at the low field end where it interfaces with the By
surface. The magnetic field magnitude near the By coil surface is 1.1 y'T, which sets
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Figure 4.1: Plot of the maximum value of | B| in the field taper versus step size in the
numerical integration. |B| is given by numerical integration of Eq. ﬁ for k = 32.

the initial field magnitude at the end of the field taper. Since the value of s controls
the gradient magnitude and the starting magnitude is fixed, choosing a value for &
is equivalent to choosing the magnitude of the magnetic field at the other end of
the field taper. Higher values of x imply smaller gradients and therefore lower spin-
transport field magnitude at the exterior of the MSR. For example, selecting x = 100
results in a field taper from a 1.1 pT initial value to a final value of 1.58 pT—mnot
sufficiently high field magnitude considering the ambient field magnitude is an order
of magnitude larger.

To generate a field taper that achieves a final field magnitude of ~ 20 pT in
the allotted 0.75 m, the adiabatic condition x = 100 cannot be maintained. The
value of k selected for the field taper design is k = 32. This is the largest value of
k that provides the desired ~ 20 uT field magnitude at the large field end of the
spin-transport coils, giving a field ramp from 1.1 gT to 19.995 pT. The magnitude
of depolarization from the lack of adiabatic spin-transport is determined via spin-
tracking simulations. Fig. shows a plot of the field taper along the neutron guide.
A NumPy least squares fitting routine is used to convert the discrete field taper data
set into a 10" degree polynomial function (see Table . The polynomial degree was
determined based on the error, characterized by the residuals in Fig. |4.2] with the
goal of achieving ~ 1% error to avoid local regions, especially in the low-field portion
of the coil, with K < 32. The coefficients of the polynomial terms are convenient for
reproducing the field taper in COMSOL to produce the winding pattern, as discussed
in the next section.

4.2 Spin-Transport Coil Design

After choosing the ideal field profile, one must determine the current distribution
that will generate the desired magnetic field. This can be accomplished using the
magnetic scalar potential [64]. In a region of space with no currents, such as the
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Figure 4.2: LEFT: Plot of the magnetic field magnitude given by the field taper be-
tween the ambient magnetic field and the By magnetic field. The field taper gradient
corresponds to an adiabatic parameter value k = 32. A polynomial fit was performed
to provide a functional form for the field taper. The value of the fit at discrete lo-
cations is plotted on top of the field taper. RIGHT: Plot of the residuals from the
aforementioned polynomial fit.

Table 4.1: Coefficients of the polynomial fit for the field taper. The degree 10 poly-
nomial provided residual on the order of 1% (see Fig. . Important to note that
the range of this fit is x = [-0.75, 0] where the 1.1 uT field magnitude occurs at
x = 0.75 m.

Term ‘ Coeflicient

1 1.963671 x 10~
x| 3.799942 x 104
x? | 5.213411 x 1073
x® | 4.648211 x 1072
z* | 0.267355
z® | 1.004638
2% | 2.482305
27 | 3.989987
8 | 4.010262
¥ | 2.286749
20 | 0.564321
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neutron guide volume, Maxwell’s equations require that:

VxH=0 (4.5)

- —

V-B=0 (4.6)

where the fields B and H have a constitutive relationship assumed to be linear:
B= uwH

Eq. implies . B
fi(7) = ~V,(7) (47)

where ®,, is the magnetic scalar potential. Note that ®,, must be a solution to the
Laplace equation:

(4.8)

The magnetic scalar potential ®,, on the coil surface represents the current paths
that produce the desired magnetic field H = —V®,, within the enclosed region.
Wires are used in the physical coils as current paths which means the continuous
potential must be discretized to a finite number of contours. The current applied to
each contour is given by the potential width of the continuous band that the contour
represents. Typically, isocontours are chosen when discretizing the potential since
each isocontour is equally spaced. The potential width of every band represented by
an isocontour band is the same, given by the difference between the potential of two
adjacent isocontours, meaning every isocontour requires the same current [65]. Since
all of the wires should be carrying the same current, the wires can be connected in
series, and the coil can be powered by a single current supply.

Coil Geometry

The coil geometry must be chosen to apply the magnetic scalar potential design
technique. The spin-transport coils are a system of four coaxial cylindrical shells.
The design is a modified double cos 6 coil. The coils are designed to be self-shielding,
hence the need for two winding layers as opposed to a traditional cylindrical coil form.
The modification from the traditional cos 6 design is the variable field magnitude
along the axis of the coil. The coils have matching radii and various lengths shown
in Table and Fig. [4.3] Four sets of spin-transport coils will be implemented in
the experiment—one set for each of the penetrations corresponding to the neutron
guide position. The four sets will be referred to using the labels Set 1, 2, 3, and 4. In
each set, the 4 individual coils will be termed Coils A, B, C, and D, where A is the
innermost coil that interfaces with the By coil, and D is the outermost coil.
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Table 4.2: Dimensions of the four spin transport coils. All four coils have the same
inner and outer radii: Rjumer = 0.0533 m and Ry, = 0.0661 m. See Fig.
for a visualization of the coil geometry. The relative current values are normalized
to the current in coil D. The absolute current values will be tuned to give optimal
polarization transport using measurements of polarized UCN on the LANL UCN
beamline.

Coil | Length (m) | Number of Wires | Relative Current

A 0.10 202 0.1196
B 0.15 182 0.1474
C 0.25 144 0.2572
D 0.25 166 1.0

Figure 4.3: Image of spin-transport coil winding pattern. The coils are as follows:
A (black), B(blue), C (red), D (green). The winding pattern is symmetric across
the symmetry plane used to divide the cylindrical shell in half. The number of wires
shown for each coil is a subset of the total number of wires used since the wire density
becomes too high to distinguish detail.
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The coil geometry is driven by the engineering constraints in the spin-transport
region, consisting of the neutron guide with radius Rguise = 1.5 inches centered in
the MSR copper branch tubes with radius R, = 3 inches passing through the MSR
MuMetal penetrations. The design choice of cylindrical symmetry of the coil system
is motivated by the cylindrical symmetry of the neutron guide and MSR penetrations.
The copper branch tubes are constraining the outer radius of the coil geometry, so the
outer radius of the coil system is R, = 2.6 inches, leaving space around the branch
tube for centering relative to the guide and tolerance. The approximation that the
discrete winding pattern represents the magnetic scalar potential isocontours breaks
down at points where the distance to a wire is small relative to the spacing between
wires. The perturbation from discrete wires falls off exponentially with length scale
D/(27) as one moves away from the current carrying coil surface, where D is the
distance between neighboring wires [64]. It should be noted that the wire density
is not constant across the coil surface, and locations with lower wire density will
reproduce the desired field profile less accurately [66]. To minimize this error, the
wires should be positioned maximally far from the neutron guide, i.e. the inner radius
should be made as large as possible. The current needed to generate the desired
field depends on the thickness of the cylindrical shell, with thinner cylindrical shells
requiring larger current excitation to produce the desired magnetic field magnitude
in the neutron guide. The considerations related to higher current requirements are
resistive losses in the wire and larger error from potential discretization and imperfect
wire placement. The inner radius of the spin-transport coil system is chosen to be
Rinner = 2.1 inches, resulting in a cylindrical shell thickness of 0.5 inches.

As stated above, the spin-transport coil system is comprised of four coils. In
general, the use of multiple shorter coils in place of a single coil is not preferred. At
the interface of each pair of the spin-transport coils, there will be finite space between
the coil surfaces. The non-zero space between the coils will lead to field distortions
compared to the target magnetic field profile. An example of this phenomenon is
shown in Fig. [4.4l The single coil design does not introduce the interface related
magnetic field distortions because the coil surface is continuous across the entire
spin-transport system length. Consider the potential near the extreme ends of the
single coil design. Near the By interface, the field provided by the spin-transport coil
is ~ 1 pT. At the opposite end of the coil, the field generated is on the order of
20 pT. In order to produce a larger magnitude field, the magnetic scalar potentlal
must have a larger magnitude gradient, which can be seen directly from H=-Vo,
As discussed above, the magnetic scalar potential coil design method requires that
isocontours of the magnetic scalar potential be selected to represent the wire winding
pattern with the current in each wire determined by the potential difference between
isocontours. The density of isocontours at any point along the length of the single coil
design is proportional to the field magnitude, regardless of the choice of isocontour
potential width. Thus, the winding at the By end of the coil will have wire spacing
approximately ten times the wire spacing at the opposite end. Given the minimum
distance between the wire surface and the neutron guide is 15.2 mm, the wire spacing
in the ~ 1 T should be D < 7.6 mm for error on the order of exp(—4m) = 3 x 107¢,
resulting in at least ~ 45 wires. The wire density at the ~ 20 pT region would then
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Contours of |B| (T') for a Cross Section of the Spin-Transport Coils

o
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Figure 4.4: Contour plot of the magnetic field magnitude in the interior volume of
two adjacent coils of the transport system, namely coil B and coil C. The color scale
is logarithmic. The contours are nearly vertical, signifying that the magnitude of the
field at a given x position is approximately constant, which is consistent with the
design objective. The interface between coil B and coil C is located at z = 1.65 m.
The contours in this region show more noticeable curvature due to the perturbation
introduced by the interface.

be 20 times larger, requiring a minimum of 900 wires which gives an average wire
spacing D,y = 0.37 mm. The wire spacing is too small to provide the individual
grooves necessary for precise positioning of the fabricated coil. Selecting a feasible
wire density for the ~ 20 u'T coil region would lead to wire spacing much larger than
the 7.2 mm spacing in the ~ 1 uT region of the coil where gradients from local field
distortions have a greater impact on adiabaticity.

Separating the spin-transport coil system into four individually powered coils al-
lows for different isocontour potential differences on each of the coil surfaces. The
selection of isocontour, or equivalently number of wires, can be tuned for each coil
such that the wire spacing requirement is satisfied with a manageable number of
wires on each coil (see Table for number of wires on each coil). Coil A in each
spin-transport set will be excited with the same current, and therefore coils 1A, 2A,
3A, and 4A will be connected in series. The same is true for coils B, C, and D. Four
current supplies are required to power the four sets of spin-transport coils.

COMSOL Implementation

The magnetic scalar potential method was implemented in COMSOL to numerically
solve for the winding pattern on the surface of the coil system geometry. The “Mag-
netic Fields, No Currents” package allows the user to define B flux through the coil
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surface and solves for the magnetic scalar potential that produces the assigned flux
conditions. The spin-transport coil geometry is represented by four coaxial cylindrical
shells with the dimensions prescribed in Table [£.2] The spacing between these coils
is set to 0.25 mm so that the winding pattern on the annular end caps of each coil
is calculated. The case where the coil spacing is zero would represent the single coil
solution, which is not optimal for the reason described in the previous subsection. In
the physical implementation, the coil spacing is limited by the diameter of the wire
used to wind the coils—the fabricated spin-transport coils use 24 gauge magnet wire,
resulting in ~ 0.5 mm of space between the coils. An additional double cos 6 coil is
added at the “By end” of the spin-transport system with flux B, = 1 g'T through the
inner surface and zero flux through the outer surface. The magnetic field produced
by the additional coil produces a magnetic field representative of By coil near the
spin-transport interface.

It is important to solve for the magnetic scalar potential in all domains separated
by the coil surfaces. In the spin-transport model, the interior of each cylindrical shell
is a domain in which the potential is solved. This gives us potential U;. Due to the
open end caps, the remaining volume is a single domain in which the magnetic scalar
potential can be calculated. The same flux conditions are applied to the coil surfaces,
taking into account that the surface normal vectors have reversed sign for the new
domain (normal vectors are defined as pointing into the volume being solved). The
magnetic scalar potential in the exterior volume is defined as U;. Plotting the sum
of these two vector potentials U = U; &= U, on the coil surfaces gives the current path
that produces the desired magnetic field.

Isocontours of the scalar potential U can be plotted on the surface of the spin-
transport coil geometry using COMSOL (see Fig. [4.5]). The plot of each coil is
exported and sorted into individual wire files, which contain a list of (z,y, z) coor-
dinates representing a three-dimensional polygon. These files are imported to the
“Magnetic Fields” COMSOL module containing the By coil and the MSR (see the
top image in Fig. to calculate the magnetic field generated by the full magnet
system. Fig. shows the cross section of the magnetic field in the xz plane. The
modeled spin transport field can be compared to the target field profile, as shown in

Fig. 4.7

Self-Shielding Coil Motivation

The spin-transport coils are located within the penetrations in the MSR layers. The
MuMetal material in close proximity to the coils presents two challenges: 1) the
MuMetal magnetization can distort the magnetic field produced by the coils; 2) the
magnetic field generated by the coil could affect the shielding performance by causing
saturation near the MSR penetrations. The distortion of the magnetic field can
be predicted given proper modeling of the MuMetal material properties. In fact,
the MuMetal layers can be included in the FEA magnetic scalar potential model to
generate a winding pattern which accounts for the effect of the MuMetal. An example
wire winding pattern can be seen in Fig [4.8] Notice the kinks in the contours that
occur at four locations along the axis of the cylinders, corresponding to the four
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Magnetic Scalar Potential Solution for Coil A
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Figure 4.5: Winding pattern (isocontours) of Coil A in COMSOL. The color scale
shows the value of the scalar potential.

MuMetal layers. While this is a valid solution to produce the desired field, it relies
on accurate modeling of the MSR material properties which is not well-understood
(see Ch. . Additionally, the resulting coil system is sensitive to changes in position
relative to the shield layers which adds concern of position/fabrication tolerances and
lack of flexibility to accommodate design changes. Accounting for the field distortion
in the winding pattern will not address the possibility of the coil system reducing
local shield performance (see Fig. 4.9).

Another solution for these potential concerns is to prevent the production of mag-
netic field at the location of the MuMetal layers. This can be accomplished using
self-shielding coils, i.e. there is no magnetic flux through the outer surface of the
coils. The magnetic field generated by a self-shielding coil will be determined by
the current distribution and the material within the coil boundary, decoupling the
coil from the external magnetic environment. The physical implementation of the
coils will not be perfectly self-shielding, but the coil parameters (e.g. wire spacing
and coil outer radius) can be chosen such that the field magnitude in the region with
MuMetal material is negligible. The spin-transport coils are not strictly self-shielding
coils since the coil end caps are not closed, creating leakage field. Where adjacent
coils interface, the leakage field effect is mitigated (see Fig. [4.10). The interfaces
of the four spin-transport coils are positioned at the midpoint between the various
MSR layer locations to minimize the leakage field magnitude present at the MuMetal
surfaces. The only open end cap without an interfacing coil is the outermost coil
surface which is external to the MSR—the innermost coil interfaces with the By coil
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|B| (T') generated by COMSOL
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Figure 4.6: TOP: COMSOL combined By and spin-transport coil geometry, rendered
as a wire frame in one octant. The storage cell volume, Bj surfaces, and the MSR
layers are clearly visible. The high wire density in the spin-transport coils makes it
difficult to distinguish winding pattern detail. BOTTOM: Magnetic field magnitude
on the y = 0 plane generated using the COMSOL model shown above.
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1e—5 Field Profile along Neutron Guide Axis
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Figure 4.7: Plot comparing field profile generated by COMSOL versus the polynomial
field taper. The spin transport coils are positioned between z = 1.15 m and = =
1.90 m. The designed field taper and COMSOL field are in good agreement up to
x = 1.85 m. The spin-transport field profile deviates from the designed field taper
due to the leakage field from the uncompensated, open end cap of coil D. Since the
gradient of the modeled field is less than the polynomial gradient at this deviation,
the value of the adiabatic parameter x would be larger, but the length required to
reach the ambient field magnitude is extended.

Figure 4.8: Show winding pattern of single layer spin-transport system where the
effect of the MuMetal on the winding pattern can be seen.

to compensate for leakage field from the innermost surface of the spin-transport coil

system.

4.3 Spin-Transport Efficiency Simulation

Simulation Setup

The spin-transport coil design is validated using PENTrack, a simulation tool for UCN
interacting with geometries and electromagnetic fields [67]. Fusion 360 computer-
aided-design (CAD) software was used to generate the neutron guide and storage cell
mesh files imported by PENTrack. The neutron guide is a 3 inch inner diameter tube
with a 90° bend connecting it to the top of the storage cell volume. The guide extends
to x = 4 m, but it is capped with a guide stop at x = 2.5 m to prevent neutrons from
escaping the enclosed volume, making the effective length of the neutron guide 2.5 m.
The storage cell is a hollow cylinder with a height of 10 cm and a diameter of 50 cm.
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|B| (T') generated by COMSOL

x(m)

Figure 4.9: Plot of |B| generated by COMSOL on the y = 0 plane. This COMSOL
model contains a previous iteration of the By and spin-transport coil designs. This
plot illustrates the spin-transport field at the MuMetal surface due to the single layer
(i.e. not self-shielding) spin-transport coil design. The leakage field around the spin-
transport coils should be compared to Fig. [4.6] which plots the same cross section
for the modified double cos € spin-transport design.

A small volume is added in the neutron guide near the guide stop to act as a neutron
source or neutron “detector” depending on the simulation. Note that a single cell
and neutron guide are used for the simulation geometry. Indeed, the simulation only
considers the upper storage cell with the assumption that the transport efficiency will
be equivalent for the UCN populations stored in each cell.

The various states of the apparatus (i.e. fill, store, and dump) are realized in the
software by switching geometries to active or inactive (See Fig. . For example,
the storage volume is set to a closed state by instantaneously replacing the joined
guide and storage cell geometry with the storage cell geometry. In the physical
apparatus, the storage cells are closed by translating a plug into the open surface
through which the neutrons enter. This moving object can affect the UCN energy
distribution by accelerating the neutrons that are reflected from its surface, as is seen
during the trap door actuation in the UCN7T experiment . The possible interaction
between neutrons and moving surfaces is not captured in the simulation.

The material properties assigned to the geometry include the Fermi potential
(both real and imaginary components), a diffuse reflection probability, and a spin-flip
probability. For the neutron guide and storage cell, the Fermi potential used in the
simulation is Vs = 1000 neV, which is chosen to be much larger than the UCN
kinetic energy to prevent neutrons being transmitted through the material surface.
The neutron guide and cell walls have a diffuse reflection probability of 0.05 based
on diffuse reflection probabilities measured in similar guides for UCN transport ,
. The detector volume is assigned a Fermi potential V., = ¢1000 neV to ensure
that all neutrons incident on the detector are absorbed. The spin-flip probability
is set to zero for all materials such that the only source of UCN depolarization is
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\E | in the Spin-Transport Coil Region
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Figure 4.10: Plot of the magnetic field magnitude in the spin-transport coil region
on the y = 0 plane. The color scale is logarithmic. The double cos € coil design is
not perfectly self-shielding, as seen by the non-zero field outside of the surface, but,
in general, the magnitude of the leakage field is order of magnitude smaller than the
nominal applied field inside the coil volume. Local increases in leakage field exist at
r~ 1.6 m and z =~ 1.9 m. The source of the larger leakage field is the 0.5 mm gap
between adjacent coils.

the interaction with the magnetic field. In addition to the materials assigned to the
geometry derived from the STL files, a default material exists which is a sphere of
vacuum. This sphere defines the world volume in which the simulation occurs, and
neutrons that intersect the sphere boundary are absorbed.

The magnetic field for the spin-transport simulations are exported on a grid from
a COMSOL model with the spin-transport coils, By coil, and the MSR. The extent of
the grid must exceed the volume accessible to the neutrons, which is the neutron guide
and storage cell volume. PENTrack creates a continuous magnetic field via tricubic
interpolation of each component in the loaded grid data . The simulated neutron
spins interact with the magnetic field via numerical integration of the well-known
Bargmann-Michel-Telegdi (BMT) equation [71].

Simulation of the spin-transport efficiency occurs in two phases. The first phase
is a simulation of the fill time. The neutrons are generated in the neutron guide
source volume and propagate throughout the combined guide-cell volume for a time
Ty = 25 seconds. The initial velocity magnitude of each UCN is sampled from a
v? distribution (see Fig. [4.12)). Neutrons with kinetic energy £ > 160 neV cannot
be stored in the UCN cell volumes due to the deuterated polystyrene wall coating
discussed in Section[2.2] Since all neutrons will be reflected by the simulated material,
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(b) Zoomed image showing the neutron source
and guide stop.

(c) Closed cell geometry.

Figure 4.11: Geometry in PENTrack simulation.

the initial energy spectrum of the simulation should match the energy spectrum
expected at the detector. Assuming the neutrons have equal potential energy at these
two locations, the velocity distribution must then be equal. The velocity direction
is sampled from a uniform spherical distribution. The neutron spins are represented
with a normalized spin vector |§ | = 1, and the initial spin state is S, = 1. At
time t = Ty, the cell-guide geometry is instantaneously replaced by the closed cell
geometry. The neutrons that are not enclosed within the cell geometry will continue
on a parabolic trajectory, under the influence of gravity, until they contact the outer
surface of the world volume. These events will be labeled as “hit outer boundaries”.
The neutrons contained by the cell geometry will continue to propagate in the closed
cell. The simulation time continues for an additional 25 seconds to guarantee all
non-stored neutrons contact the outer boundary. The simulation is completed at
t = 50 seconds. All of the neutrons in the cell will be labeled “did not finish” due to
the fact that the neutrons were simulated for the full 50 second simulation time.
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Histogram of Neutron Velocity Distribution
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Figure 4.12: Histogram of initial neutron velocities from PENTrack.

The second phase of the transport efficiency simulation is the unload time. The
neutrons begin in the cell volume and propagate to the detector at the end of the
neutron guide. The detector in this simulation is the same geometry as the source
from the first phase. The source volume in phase two is the interior of the storage
cell volume, in which PENTrack will randomly assign the UCN initial positions. The
initial velocities are chosen using the same method as phase one. The initial spin state
of each neutron is also S, = 1. In phase two, the guide-cell geometry and detector ge-
ometry are active for the full simulation length. Neutrons propagate throughout the
guide-cell volume and, at any time, may come into contact with the detector surface.
When this occurs, the neutron is absorbed by the detector and labeled “absorbed in
bulk material”, and these neutrons will be considered detected. The unload simula-
tion time iS Ty ni0ad = 25 seconds. Neutrons which have not intersected the detector
surface during the unload time, meaning they are still propagating throughout the
guide-cell geometry, will be flagged as “did not finish”.

Results

The neutron population polarization P is defined as:

N — —
1 Sk . Bk
P=_= § _ (4.9)
N k=1 |Bk|

where N is the total number of neutrons, Sy, is the final state normalized spin vector
of the kth neutron, and B, is the magnetic field at the final position of the kth
neutron. At the final positions of the neutrons in each simulation, which is within
the cell volume for Phase 1 and at the detector surface for Phase 2, the magnetic
field is B ~ B, 3. Using this approximation in Eq, the polarization reduces to the
average S, of the neutron population:

1N
P
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Since the initial polarization is defined to be Py = 1, the spin-transport efficiency
of each phase is the final polarization of the neutron population, and the total spin-
transport efficiency Pi.qns is the product of the efficiencies of each phase. Phase 1
and Phase 2 contain Ny = 10° neutrons, but only those labeled as “did not finish” in
Phase 1 and “absorbed in bulk material” in Phase 2 are considered in the respective
polarization calculation.

Phase 1 completed with N; = 6.5978 x 10 neutrons in the cell volume and a polar-
ization P, = 0.9184 of the stored neutron population. In Phase 2, N, = 5.8828 x 10*
neutrons were “detected” with a polarization P, = 0.9769. Phase 2 has significantly
less depolarization when compared with Phase 1. Under the assumption that most
of the depolarization occurs in the spin-transport magnetic field, the dynamics of the
neutrons during the two phases provides an explanation for the difference in final state
polarization. Phase 1 provides 25 seconds of time for the neutrons to propagate in the
guide-cell geometry. During this time, neutrons can make multiple passes through the
spin-transport region, greatly increasing the interaction time with the spin-transport
magnetic field. An example of this behavior is shown for an individual neutron in Fig.
Neutrons are far less likely to make multiple passes through the spin-transport
magnetic field in Phase 2 because the detector absorbs neutrons at the end of the
neutron guide, preventing reflection off of the guide stop toward the spin-transport
region. Therefore, the interaction time of the neutrons with the spin-transport mag-
netic field in Phase 2 is small relative to Phase 1. The total spin-transport efficiency
from these simulations is:

Pirons = P1P, = 0.89718

Recall the polarization product @ = APy, from Eq. must satisfy a > 0.8.
Assuming the analyzing power of the detector is A > 0.9, the spin-transport magnetic
field maintains the polarization necessary to achieve the specification.

Extensions of the Spin-Transport Simulation

The simulation work above served the purpose of validating the spin-transport coil
system design. A number of assumptions and simplifications were made to simu-
late the system, which should be resolved using a higher fidelity simulation. This
subsection discusses the assumptions in the completed simulation work and provides
suggestions for exploration of associated effects, including extensions beyond spin-
transport.

The neutron guide in the physical apparatus is approximately 4 m in length (mea-
suring from the polarizing magnet to the center of the UCN storage cell), which is
much longer than the guide implemented in the spin-transport simulation. The guide
geometry imported into the simulation effectively has a length of 2.5 m determined by
the position of the guide stop. The missing ~ 1.5 m portion of neutron guide is not
considered in the simulation because the applied magnetic field in this region is large
enough to provide adiabatic transport of the neutron spins with negligible depolariza-
tion. Simulating with a longer neutron guide, holding the simulation time constant,
will result in improved spin-transport efficiency because the neutron interaction time
with the field taper region will be smaller. Naturally, neutrons will have to travel a
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Figure 4.13: Histogram showing the z-component of the simulated neutron spin vector
from Phase 2. Only the detected neutrons are shown in the histogram, and S, is
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Figure 4.14: The plots represent two individual neutrons simulated during Phase 1:
particle 2 (LEFT) and particle 13 (RIGHT). These two particles were chosen to show
some representative behavior of the simulated neutrons. The top two plots show the
x position of the simulated neutron during the full simulation time. The bottom two
plots are scatter plots of the spin alignment of the neutron with the magnetic field.

1.0000

09975

09950

09925

0.9900

09875

09850

09825

Particle 2

Particle 13

The color represents time with ¢ = 0 being dark blue and t.,4 being dark red.

72




farther distance to traverse the guide system and make multiple passes through the
spin-transport magnetic field, except in the case of diffuse reflection reversing the
projection of neutron velocity onto the guide axis.

The shape of the guide should also be addressed. In the simulation work presented,
the guide geometry is a straight tube at a nominal height that feeds into the storage
cell volume. The neutron guide system in the physical apparatus contains two 45°
bends, providing an offset of the guide position in the y direction so that the guides
can exit through the MSR penetration. The presence of these bends could affect
the transmission of neutrons from the beginning of the guide into the cell volume,
possibly changing the number of times a neutron traverses the spin-transport region.
For the current simulation setup, one would expect the guide bends to have negligible
effect on the final polarization because any reduction of transmission into the cell
volume would be complimented by a reduced transmission of neutrons from the cell
volume back into the spin-transport region. However, the proper guide geometry
should be included for completeness. Precise knowledge of the material surface is key
for accurate modeling of diffuse reflection and, therefore, transmission through the
neutron guide.

The simulation includes a single neutron guide and storage cell, namely the upper
guide and cell. The spin-transport efficiency results are assumed to apply to both
the upper and lower sections of the apparatus, but there exists a vertical displace-
ment between these two sections. Since the neutrons in the upper section will have
more gravitational potential energy, the neutrons in the lower section are expected
to have greater velocity. The potential energy due to the 0.47 m height difference
between neutrons in the lower and upper guide is 47.94 neV. To accurately capture
these energy effects, one should incorporate the full system of upper and lower guides
and cells. This should include activating a single neutron source that feeds the up-
per and lower guides via a “Y” just downstream from the polarizing magnet. When
considering energy effects, the Fermi potentials applied to the simulated materials
should be assigned precisely for the coatings employed in the apparatus, i.e. nickel
phosphorus and deuterated polystyrene. The initial kinetic energy distribution of the
neutrons should match the distribution coming from the source rather than the dis-
tribution measured at the detector, allowing for the material interactions to generate
the detected neutron energy distribution.

Modeling the guide in this way allows for neutrons to be generated across a period
of time. All neutrons in the spin-transport simulation were generated at time ¢t =
0. Thus, all the neutrons were free to propagate through the system for the full
25 second fill time. As discussed above, the expected fill time for the apparatus is
~ 50 seconds but not all neutrons will pass through the polarizing magnet the instant
that the neutron beam valve is opened. The neutrons will continue to enter the system
until the beam valve is closed. The simulation neutron source should replicate the
time dependent neutron flux as closely as possible to accurately simulate the UCN
interaction time with the spin-transport region. The UCN flux and initial energy
spectrum at the LANL-nEDM beamline are discussed in [72].

A detailed spin-transport simulation that implements the suggested improvements
can be combined with a Ramsey sequence and the introduction of an electric field to
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construct a full-cycle simulation. A high fidelity simulation of the apparatus through
a measurement cycle is a necessity for understanding and controlling systematic ef-
fects, such as gravitational depolarization [73]. Other sources of depolarization (wall
collisions, magnetic impurities, leakage current in the HV electrodes, etc.) can be
included in the simulation to produce an expected polarization at the detector Pjy;.
PENTrack allows for the magnetic fields to be defined analytically. Therefore, the
simulation can combine “perfect” magnetic fields with modeled or measured fields as
a mechanism for selectively studying systematic effects related to a single magnetic
field source.

4.4 Prototype coils

Single Layer Coil

A modified cos 6 coil was fabricated to validate the COMSOL models of the spin
transport coils and demonstrate the efficacy of 3D-printed coil forms (see Fig.
for pictures). The prototype coil has a 20 cm diameter and 25 cm length. As it is a
single layer coil with open end caps, the wires are wound only on the outer surface
and the annulus of the cylindrical coil. The 3D printing technique allows for grooves
to be constructed in the coil form, which allows for precise winding of complex wire
patterns. A traditional cos @ coil will produce a uniform field. This modified cos # coil
is one coil in a set of four coils designed to produce a magnetic field which increases
in magnitude across the length of the coil set—similar to the double cos 8 coil set
presented in the previous section. The plot in Fig. shows B, along the axis of
the coil, where z is the nominal field direction. The field produced by the coil (the
blue scatter plot) agrees with the predicted field extracted from the COMSOL model
(the black line). Notice that the field magnitude does not increase monotonically
along the axis of the coil, which is expected since the full set of coils is not present.

Double Cos 6 Prototype

A double cos 6 coil was fabricated to test the “self-shielding factor” and the spin-
transport interface with the By coil. The coil geometry is a cylindrical shell with
inner radius R;, = 3.4 cm, outer radius R,,; = 4.6 cm, and length L = 30 cm.
The winding pattern for the prototype coil was produced using the magnetic scalar
potential method in COMSOL as explained in Section 4.1} The self-shielding factor is
defined as the ratio of the magnetic field magnitude on the axis of the cylindrical coil
to the magnetic field magnitude 1 cm from the outer surface of the coil. The coil has
open end caps, so the field magnitude decreases near the ends of the coil compared
to the relatively uniform magnitude at the center. Fig. shows a plot of the field
magnitude along the coil axis and along a parallel line at a radius R = R,,; + lcm.
The average self-shielding factor between z = —10 cm and z = 10 c¢m, calculated by
taking a ratio of the two data points at each z position, was found to be 181.

A gapped solenoid with a square cross section was used as a stand-in By coil to test
the spin-transport interface. Each square solenoid consists of four PCB panels with
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Figure 4.15: These images show the prototype modified cos 6 coil used to validate
the design and fabrication techniques used for the spin-transport coils. The coil was
wound using 20 gauge magnet wire placed in grooves to ensure precise placement. The
coil was printed in quarters, divided into 90 degree sections. The left image features
a misalignment of the upper most quadrant to illustrate the coil construction—mnote
the resulting discontinuity in the groove pattern. In the right picture, a kink in the
groove pattern is visible near the mid-plane of the cylinder. The source of the kink
is the boundary condition enforced by the presence of a MSR shielding layer in the
COMSOL model used to generate the winding pattern.

90° version of the compression By corner connectors. Two square solenoids are stacked
to form the gapped solenoid, with the coil axis aligned along z. A single face of the
upper solenoid contains the rerouted winding pattern for the spin-transport interface,
leaving a circular region void of traces. The winding pattern on the remaining PCB
panels are horizontal traces. The prototype double cos 6 coil was attached to the
gapped solenoid at the spin-transport interface position, i.e. the axis of the double
cos 6 coil was centered on the circular rerouted winding region of the gapped solenoid
face. The magnetic field was measured along a line parallel to the gapped solenoid
axis at a distance of 2 cm from the spin-transport interface surface (see Fig. |4.18)).
Without the rerouted current in the gapped solenoid, one would expect even
symmetry in B, and odd symmetry in B,, using the center of the gapped solenoid
as the origin. The rerouted current creates an asymmetry in these components, as
seen in the red scatter plots in Fig |4.18] Exciting the double cos 6 coil with the
proper current restores the symmetry to the magnetic field. Thus, the magnetic field
produced inside the gapped solenoid by the rerouted gapped solenoid and double
cos 0 coil is qualitatively equivalent to the field expected from a gapped solenoid
without rerouted current. This testing justified further investigation into the design
method of interfacing the spin-transport coils with the By face in the LANL-nEDM
apparatus. The quantitative support for the spin-transport interface efficacy is the
modeled By field uniformity and spin-transport efficiency using the combined By and
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B, along the Axis of the Coil

— Model
® Prototype

Figure 4.16: Plot of B, along the axis of the prototype modified cos 6 coil shown
in Fig. The blue points are measurements of B, collected via translation of a
fluxgate magnetometer. The black line represents the expected result extracted from
the COMSOL model of the prototype coil. The physical coil field profile is consistent
with the COMSOL prediction.
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Figure 4.17: Plot of the double cos 6 prototype coil magnetic field magnitude .
The magnitude of the field along the coil axis (Red) is large compared to the field
magnitude along a line parallel to the coil axis and 1 cm outside of the coil surface
(Blue). The ratio of these two plots is the “self-shielding” factor of the coil. The
average self-shielding factor from z = —10 cm to z = 10 cm is 181.
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Magnetic Field Near the Spin-Transport Interface
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Figure 4.18: Plots of the magnetic field components near the spin-transport interface
[74]. The vertical green lines centered around z = 10 cm represent the region spanned
by the spin-transport diameter. The red scatter plot is the magnetic field from the
stand-in By coil. The blue scatter plot is the magnetic field from the By and spin-
transport coil system. The fluxgate magnetometer was translated parallel to the
spin-transport interface surface with a 2 cm displacement from the coil surface.

spin-transport coil system to generate the modeled magnetic fields.

3D Printable Object Code

A python algorithm has been developed to generate 3D-printable coil forms with
grooves for wire routing [75] such as the coils shown in Fig. [4.15| The code requires
the user to input a folder of wire files (see Appendix B for an example wire file) and
the PyMesh parameters to define the desired coil form. The first step in the process
is to generate a mesh for the coil form, for example a cylindrical shell. PyMesh
[76] is used to make this initial mesh as well as to perform Boolean operations on
the mesh. The resolution of the mesh can be chosen based on the precision needed
for the wire positions—this is intrinsically limited by the precision of the 3D printer
employed. Next, the wire coordinates from each wire file are converted into a mesh.
Since the inflated wires will later become the grooves in the coil form, a rectangular
cross section is preferable for the wire mesh. Each coordinate in a given wire file is
converted into a rectangle with the normal vector of the rectangle parallel to three
dimensional path defined by the wire file, and the length of the rectangle is oriented
along the normal vector of the coil form surface at that location. A re-sampling
operation can be performed on the wire file to increase or decrease the resolution of
the mesh generated. The wire meshes from the individual wire files are combined into
a multi-wire mesh object using a Boolean union operation. Finally, the multi-wire
mesh can be subtracted from the coil form to produce the grooves for the wires.

It may be desirable to create the coil form in multiple pieces to, for example, avoid
potential print failure with long printing times or accommodate a smaller printing
volume. The algorithm allows for the mesh to be divided along a defined plane for
this purpose. For the clam-shell design implemented in the spin-transport coils shown
above, the coils are separated into top and bottom halves. Alignment pegs are added
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Figure 4.19: Example 3D coil object produced using the “Printable-coil” python
algorithm [75].

to ensure that the two halves interface in a precise and predictable manner—this
feature is recommended for all mating surfaces on a coil form.

Copyright© Jared Brewington, 2023.
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Chapter 5 Conclusion

The LANL-nEDM experiment is one of several present generation neutron EDM
searches occurring around the world. The success of the experiment relies on precise
control of the magnetic field. This dissertation details the design work for two compo-
nents of the LANL-nEDM magnetic field system—the By coil and the spin-transport
coils, including a subset of the prototyping work in support of the design effort for
these coils.

The multi-split solenoid By coil design has been shown, in FEA models, to meet
the gradient specification of the LANL-nEDM experiment. Prototyping work has
been completed to validate the design of novel features, e.g. the corner connectors
allowing for modular assembly and the spin-transport interface. A half-scale By pro-
totype was fabricated and measured in a pre-existing MSR, at LANL, which produced
a linear gradient (|0B,/0z|) < 0.3 nT/m (scaling such that |By| = 1 uT) along the
axis of the coil. The full-scale coil has been fabricated and assembled within the
apparatus, and analysis of the By field profile is ongoing.

The spin-transport coil design has been validated in spin-tracking simulations
using FEA to model the expected magnetic field. The simulation results show an
89.7% polarization transport efficiency, which would satisfy the polarization product
specification « = APy, > 0.8 for analyzing power A > 0.9. An algorithm was
developed using Python to create cylindrical coil forms with grooves for complex wire
winding patterns. This algorithm was implemented to produce multiple prototype
coils as well as the full-scale spin-transport coil system. The system of spin-transport
coils has been installed in the LANL-nEDM apparatus, and the transport efficiency
will be measured in the upcoming accelerator run cycle at LANL.

Future work associated with the By coil and spin-transport coils will be completed
by the research group at the University of Kentucky, led by Dr. Brad Plaster. This
work will involve extensive mapping and analysis of the magnetic field produced
by these coils, full-cycle particle-tracking simulations using modeled and measured
magnetic field maps, and implementation of upgrades based on further modeling and
experience operating the apparatus.

Copyright© Jared Brewington, 2023.
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Appendices

Appendix A

Technical drawing of the optimized By coil geometry.

8 | L | 9 v €
o M3IA 8pIS
wous onssjjoawea| oy
uBiseq paziwndo
110D 09
Mg 24 ww :spun uoisuswig
sniers wownooq -
£202/2z/z uoibuimalg paier
Aq panosddy Aq peieasn s0usiajel [EOIUYISY.
N
»
= [
(&}
N w
2 g
| — - N
g &
- &
N = N
o —— e T e v
8 g e — —— g
) > ®
1 I N
o
@
N
! 0szz '
MBI 9pIS
8 L 9 | v €

80



MIIA BpIS

8 | L | 9 , s 4
P MOIA 9pIS pue do|
o meea el Bis5 peziwndo
: _.O . (sjbue) Bap
10D 09 (wbus)) ww
o oia S :s)un uoisuswig
— -~
€202/2z/Z uojbuimeig paier
Aq panosddy Aq pajeasn 80UBI8J8) [BOIUYOB L 1deq
|
86'1€6
30
<
B v6'9
(oL v
Shze
MaIA dof

81



Appendix B

Below is list of vertices from a wire file for Coil A. Such a file is used for all spin-
transport wires to create current paths in FEA modeling and grooves in the 3D
printed coil forms. The density of points has been decreased for the purposes of this
example.

X Y Z
-0.750000 -0.035200 -0.046622
-0.750000 -0.034301 -0.049942
-0.750000 -0.033277 -0.052632
-0.750000 -0.031737 -0.055669
-0.750000 -0.030181 -0.058178
-0.750000 -0.027861 -0.061298
-0.750000 -0.025198 -0.064235
-0.750000 -0.022595 -0.066593
-0.748238 -0.020471 -0.068109
-0.744249 -0.020104 -0.068219
-0.740200 -0.020052 -0.068234
-0.736522 -0.020031 -0.068241
-0.732199 -0.020033 -0.068239
-0.728274 -0.020058 -0.068232
-0.723481 -0.020128 -0.068211
-0.719644 -0.020189 -0.068193
-0.715031 -0.020286 -0.068164
-0.710377 -0.020395 -0.068132
-0.705169 -0.020524 -0.068093
-0.700267 -0.020655 -0.068053
-0.695061 -0.020800 -0.068009
-0.689506 -0.020953 -0.067962
-0.684860 -0.021084 -0.067921
-0.680972 -0.021196 -0.067888
-0.676638 -0.021307 -0.067852
-0.673172 -0.021402 -0.067823
-0.669978 -0.021488 -0.067796
-0.666756 -0.021570 -0.067770
-0.663637 -0.021647 -0.067745
-0.659659 -0.021763 -0.067708
-0.655840 -0.021886 -0.067669
-0.652947 -0.022075 -0.067606
-0.650250 -0.022980 -0.067080
-0.650250 -0.025347 -0.065015
-0.650250 -0.027351 -0.062955
-0.650250 -0.029316 -0.060570
-0.650250 -0.031200 -0.057878
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.650250
.650250
.650250
.650656
.653853
.657396
.660459
.663638
.667023
.670956
.675311
.679292
.684181
.690420
.694580
.698847
.703197
.707815
. 712050
. 715137
.718634
.721958
. 725968
. 730282
. 734517
. 738836
. 742724
. 747257
. 750000

.032928
.034195
.035403
.036184
.036278
.036311
.036311
.036302
.036284
.036259
.036226
.036190
.036145
.036080
.036036
.035991
.035940
.035885
.035836
.035800
.035763
.035721
.035675
.035625
.035574
.035520
.035468
.035335
.035200

Copyright© Jared Brewington, 2023.

.054830
.052084
.048711
.045865
.045789
.045765
.045764
.045771
.045785
.045805
.045831
.045858
.045896
.045947
.045982
.046016
.046055
.046099
.046137
.046164
.046194
.046224
.046261
.046300
.046338
.046377
.046421
.046520
.046622
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